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Abstract—The limitations of the current real-time operating 
systems are given by the CPU architecture, the memory, and the 
I/O subsystem, but also by the high-level languages and their 
compilers, and the unpredictable answer of the asynchronous 
interrupts. The most important issue of a real time system is 
resource scheduling: processor, memory, I/O ports and 
communication networks, when systems are distributed. The 
present article gives an overview of the state of the art of 
qualitative research in terms of tasks schedulability algorithms 
used for the nMPRA (Multi Pipeline Register Architecture) CPU 
architecture in real-time environments. By introducing a jitter of 
maximum three clock cycles for the contexts switching of tasks, 
the nMPRA processor proves a deterministic hardware 
implementation, due to the integrated nHSE (Hardware 
Scheduler Engine for n tasks). This paper presents and analyzes 
the current state of real time operation systems with hardware 
implementation functions.   

Keywords—Pipeline processing, Field programmable gate 
arrays, Architecture, Operating systems, Scheduling. 

I.  INTRODUCTION 

Real-time operating systems (RTOS) are present in all 
embedded applications in economic and social areas. We can 
see that there are increasingly fewer systems that do not use 
one or more microprocessors. For this reason, research in this 
field has expanded, improving RTOS from all points of view, 
and thus guaranteeing outstanding performances for real-time 
applications. Processor development, the need for optimization 
and the way in which the processor is used, the scheduling 
algorithms, and RTOS, have enabled a resolution time of a few 
microseconds. All these factors have made time organization 
more efficient so as to guarantee both the predictability of task 
execution and meet the imposed time requirements. The result 
of the current technological developments was that, in most 
areas a net superior quantitative and qualitative factor has been 
achieved, as is the case for the industrial, automotive or 
medical sector. 

The novelty brought by this paper relies in the tests 
performed for the validation of the priority scheduling model 
implemented in nHSE, using the FPGA Virtex-7 circuit. In 
addition to these tests designed to validate the preemptive 
scheduler, this paper also describes and analyzes some 

scheduling models and algorithms that can be implemented in 
hardware (nHSE) in order to meet the stringent requirements 
imposed by a critical real-time system (RTS). The nMPRA 
processor architecture [2], [3] is an innovative one with very 
low response times to external interrupts. Improving these 
times, as well as minimizing the time for task context 
switching, is the main research purpose of this paper. 

Context switching is a key factor in real-time scheduling 
algorithms, because it enables the operating system to 
immediately allocate the processor to higher priority tasks. The 
present paper describes and compares the current approaches 
that have contributed to reducing the segmentation of the 
program implementation. It also presents effective methods for 
minimizing scheduling costs by eliminating unnecessary 
interrupts. In full-preemptive systems, the execution of the 
current task can be interrupted at any given moment by a task 
with a higher priority. The execution of the interrupted task 
will resume only when there are no more higher priority tasks 
ready to run. In some implementations, contexts switching can 
be completely forbidden in order to avoid unpredictable 
interferences among tasks, and also to improve the 
predictability of the system [4]. For some real time systems, the 
preemptive scheduler can be disabled for certain time cycles 
during the execution of critical sections, such as the Interrupt 
Service Routine (ISR).  

The spatial isolation, required in critical embedded systems 
for protecting the state of critical execution threads, can be 
guaranteed by programming each task on different execution 
components, such as: execution threads (in a multi-thread 
architecture) or the core (in a multi-core processor). Therefore, 
guaranteeing the spatial isolation by using a processor for each 
task causes inefficient use of resources, making it a robust but 
unacceptable solution. To improve the performance of real-
time operating systems, the temporary isolation of competing 
execution threads must be guaranteed. The predictability of the 
threads over time facilitates a tight margin for Worst-Case 
Execution Time (WCET), avoiding excessive or inefficient use 
of resources [5]. For processors in the field of mobile 
applications, designing multithreading or hyperthreading 
architectures enabled better processor time management, 
without the increase of processor operating frequency. 

Sectoral Operational Program for Increase of the Economic 
Competitiveness co-funded from the European Regional Development Fund. 

18



This paper is structured as follows: the first section contains 
a brief introduction, and section II analyses similar projects 
published in the literature. Sections III and IV addresses the 
implementation in hardware of the nHSE module and nMPRA 
processor architecture including the experimental results, and 
section V describes several scheduling algorithms used in real-
time systems with support of the proposed CPU architecture. 
Section VI concludes the paper presenting final conclusions. 

II. RELATED WORK 

The following part describes and analyzes various CPU 
architectures proposed by the literature. The purpose of this 
analysis was to outline the new research directions for 
improving the RTOS with hardware implementation functions.  

In [6] Rochange and Sainrat proposed changes in the 
pipelines of superscalar dynamic processors by slowing down 
the instructions between blocks. As can be seen in [6], the 
authors approached the idea of out-of-order speculative 
execution using a pipeline with six stages. The architecture has 
been designed so that the time spent by the base blocks is 
independent from one block to another. This is due to slowing 
down the instruction from a base block until the instructions in 
the previous block are executed. 

Article [7] presents the architecture proposed by Nordstrom 
et al. Through this implementation, the authors provide 
valuable time-related recommendations for future processor 
architectures in real-time embedded systems. Starting from the 
principle of reducing the interference in shared resources, they 
recommend using separate cache memories for instructions and 
data, using a Least Recently Used (LRU) replacement 
algorithm and the so-called compositional architectures, such 
as ARM7 [8]. 

The basic idea of the Komodo project, presented by 
Kreuzinger et al. in [9], [10], is to use the Komodo Java-based 
multi-thread microcontroller to manage multiple real-time 
execution threads. The proposed architecture uses multiple PCs 
(Program Counter), instruction windows, stacks, and a signal 
unit, for managing a set of execution threaded activated 
through interrupts. To provide real time support, the authors 
improved the picoJava instruction set. 

The Komodo Priority manager performs the scheduling of 
the execution threads with different priorities on a four-stage 
assembly line, ensuring a rapid switch of contexts [11]. In the 
case of jump or memory access instructions, which can cause 
the stagnation of the assembly line, the scheduler can assign the 
unused cycles to another execution thread. Therefore, even if 
the Komodo project allows other execution threads in the ready 
state to be executed when the assembly line is available, thus 
increasing the instruction interpolation factor, this paper does 
not describe any synchronization or communication 
mechanism. In [12], Al-Zawawi et al. proposed an architecture 
that can be partitioned in a set of virtual processors. The 
execution times of these processors are independent of each 
other, providing tasks that are being executed on virtual 
processors with an autonomous feature [13]. The architecture 
proposed by the authors presents its partitioning in a few high 
performance processors, several smaller performance 
processors, or a combination of the two extremes. 

By parametrizing the Verilog HDL implementation, it was 
possible to analyze the FPGA resources needed for these 
extensions, thus performing a comparative analysis with other 
similar CPU implementations [14], [15]. Analyzing the general 
characteristics of various processor architectures, we can 
conclude that the development of real-time mechanisms and 
the scheduling of tasks with strict time conditions represent a 
current challenge in the field of both RTS and embedded 
systems, with their future version, Cyber-physical systems. In 
this context, the important role of hardware schedulers is 
highlighted; these schedulers take over the scheduling activity 
thus relieving the processor from this task. This is why, the 
proposed nMPRA architecture uses a hardware scheduler as 
part of the processor; the scheduler is controlled through 
integrated instructions transmitted through the assembly line. 

III. NMPRA AND NHSE ARCHITECTURE – CONCEPT AND 

THEORY OF OPERATION 

The proposed nMPRA architecture, with multiplied 
pipeline registers, uses the organizational structure of the 
MIPS32 architecture [16]. The low energy and power 
consumption features of the embedded systems that represent 
MIPS32 implementations, availability of development tools for 
embedded systems, mature architecture, coprocessor 2 at the 
developer's disposal, the open-source feature, and the fact that 
MIPS32 is a well-known architecture, all of these provide the 
MIPS processor with an important role in the embedded system 
industry. The nMPRA architecture is based on remapping the 
multiplexed resource. Thus, a MIPS pipeline was considered 
[17] and the PC, the pipeline registers and the GPR (General 
Purpose Registers) were multiplied n times (Fig. 1). All the 
tasks running on the CPU use the same datapath, Control Unit, 
Hazard Detection Unit, ALU (Arithmetic Logic Unit) and 
Forward Unit [18]. So, an instance of the CPU will be called 
semiprocessor (sCPUi for task i). The difficulties in this 
research occur at the level of the RTOS, due to its hardware 
embedded functionality and the fact that it highlights the 
performance improvements by suitable test programs. 

 

Fig. 1. Part of the combinational elements designed in Instruction Fetch stage 
and multiplication of PC and Instruction Fetch (IF)/Instruction Decode (ID) 
pipeline registers. 
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The paper makes the following contributions and 
improvements to the nMPRA implementation: 

• The integration of the stages to the assembly line of the 
nMPRA architecture requires the multiplication of 
resources. 

• The nMPRA processor has been designed using Verilog 
hardware description language with sCPU4, sCPU8 and 
sCPU16, scalable, parameterized, and well documented. 

• Integration of MIPS32 processor basic modules in 
accordance to the nMPRA architecture specifications: 
the control unit, COP0, the memory controller, the 
hazard detection unit, the data forwarding unit and the 
ALU unit. 

• The multiplication and multiplexing of all registers (PC, 
register file, pipeline registers, COP0 registers, Control 
unit registers and division unit, as well as any other 
memory element from the datapath) is performed. 

• The implementation of the nMPRA processor with 
sCPU4, sCPU8 and sCPU16 (meeting the resource 
requirements), as well as the entire SoC project use the 
Virtex-7 development kit. 

Due to the multiplication of resources, the guarantee 
regarding the spatial isolation of contexts, the performance of 
the entire system, and the need to meet the requirements of 
automotive (ISO26262) and industrial standards, the nMPRA 
architecture is highly recommended for real-time small-scale 
applications. The hardware implementation of scheduling 
schemes and significant reduction of task switching times have 
led to a competitive and innovative architecture. Moreover, 
unlike in other proposed implementations, we considered that 
in a multitasking system, inter-task synchronization and 
communication mechanisms are absolutely necessary. Tests 
have been performed in order to verify the functionality of the 
introduced mechanisms. Implementing a processor architecture 
without such mechanisms would be an unrealistic approach, as 
it is not a viable solution with practical applicability.  

The nHSE scheduler uses a unified space for interrupts and 
tasks, and a scheduling rule whereby a high priority task cannot 
be interrupted by events assigned to low priority tasks. This 
research analyses both the waveforms obtained through the 
Vivado simulator and those provided by the PicoScope 
2205MSO oscilloscope and ChipScope Analyzer. For this, the 
real data in the FPGA circuit, where the nMPRA circuit has 
been previously loaded as integrated part of the SoC project, 
have been read through the JTAG port, thus proving the 
hardware functionality of the architecture described in this 
research article. 

Fig. 1 presents the way of interconnecting multiplied 
resources with combinational logic corresponding to the 
MIPS32 architecture. Although the PC register has been 
multiplied for each sCPUi, the selection logic remained the 
same, the program memory being accessed to extract the 
following valid MIPS32 instruction. This article discusses the 
aspects related to nMPRA functional processor blocks (Fig. 2), 
different scheduling algorithms suitable for nHSE, nMPRA 
processor and preemptive scheduler instructions attained in 
hardware, and the required registers for the implementation of 
the nHSE scheduler. For testing the project, various versions of 
the processor running at different working frequencies were 
implemented and synthesized, as well as a varying number of 
semiprocessors (4, 8 and 16). This was necessary due to the 
high working times with Xilinx tools (synthesizing, 
implementing, additional times introduced by In-system debug 
kernels) and to obtaining the resources (LUTs and FFs) needed 
for the hardware implementation of the processor. 

IV. SCHEDULABILITY ANALYSIS OF NMPRA CONCEPT AND 

HARDWARE SUPPORT 

To ensure the compliance with the real-time characteristic, 
the scheduler uses a unified space for tasks and interrupts. 
Because interrupts inherit the priority of the task to which they 
are attached, using a priority-based scheduling rule that does 
not allow high priority tasks to be interrupted by lower priority 
tasks, the execution deadline for the hard real time external 
stimulus can be guaranteed. 

 

Fig. 2. Register-transfer level (RTL) representation of the RegisterFilenHSE module representing the COP2 Register File and nHSE module for generating the 
signals nHSE_EN_sCPUi[1:0], nHSE_Task_Select[7: 0], PC_nHSE_Out[31:0] and PC_nHSE_Sel.  
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Fig. 3. Select the Registe File Bank for the sCPUi. 

In the case of the nHSE scheduler, the activation and 
deactivation of the interrupt system are possible because they 
abide by the same execution mode as the tasks. Thus, the nHSE 
implements a strict prioritization rule, allowing all events to be 
captured and treated according to the priority of the issuing 
tasks. The advantage of interrupts that are not attached to tasks 
is that they are executed in their own Interrupt Service Thread 
(IST), not requiring context switching and register testing. 
Because the useful code is executed in the shortest time 
possible, this method is suitable for high priority interrupts that 
require a minimum response time, while being resource-
intensive. Fig. 3 shows the internal formatting of the GPR 
(Register File) and its connection with the control unit and with 
the nHSE integrated hardware scheduler, in the case of the 
implementation based on the MIPS architecture.  

The selection of the bank in the GPR is independent of the 
operations performed at the level of each semiprocessor. We 
remind the fact that in the datapath designed at the level of 
RTL for the nMPRA architecture, the control lines for each 
bank in the register file are separate. The register file for the 
nMPRA processor contains NR_TASKS*32 general purpose 
registers of 32 bits each, and two ports for reading them, 
depending on the selected sCPUi. 

 

Fig. 4. Signals corresponding to the condition test unit. 

Writing in the register file is performed depending on the 
semiprocessor selected by the scheduler [19]. The 
Control_Unit module (Fig. 3) represents the nMPRA processor 
control unit. This unit sets the control signals in the datapath 
for each instruction read from the memory. 

Fig. 4 shows the clock signal (clock - CLKOUT0_OUT) of 
the nMPRA processor generated with IP Clocking Wizard 5.2 
(Clock_Generator module). To synchronize with on-chip 
program memory, the signals used for the read and write 
operations are modified on the positive edge of the clock_mem 
signal, during implementation and testing of the nMPRA 
processor using different frequencies for this signal. This 
nMPRA clock signal (clock) has a lower frequency (33MHz), 
as compared to the memory clock signal (clock_mem – 
66MHz). Both signals have a 50% filling factor. The frequency 
is 1/Δt, while the period of the CPU clock is Δt = 30ns. 
Choosing the appropriate frequency is necessary to ensure a 
correspondence with the signal propagation time, through the 
processor logic. 

 

Fig. 5. Input signal corresponding to interrupt INT0 (Channel A) attached to sCPU0 semiprocessor and output signal LED[0] (Channel B).  
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On the first part of the waveforms presented in Fig. 4 we 
can see the processor clock waveform (clock), used for task 
switching in the nHSE block. In the second part of the figure, 
the inputs and outputs of the condition test unit are presented 
for two inputs of 32 bits and five output bits relative to the 
conditions required for the control unit. Also in the ID stage, 
the value for calculating the jump address, the values provided 
by these modules (ID_JumpAddress, ID_BranchAddress) are 
available for selection at the PCSrccStd_Mux multiplexer 
inputs.  

Fig. 5 shows the oscilloscope capture for obtaining the 
events treated by the sCPU0 semiprocessor. As can be seen, 3 
events are captured and treated (Channel B), namely a time 
event (TEVi) and two external interrupt events IntEvi (Channel 
A). This section describes the operations for testing and 
validating the datapath as well as the functional units shared by 
semiprocessors implemented in the nMPRA architecture. 
Using multiple types of instructions to cover all classes of 
operations, the CPU was tested by performing multiple Vivado 
2016.4 design checks and various instruction sequences. It 
should be mentioned that MIPS32 does not have overflow 
detection for the multiplication and division operations. The 

32-bit multi-cycle division module implements the multicycle 
division unit. In the case of logical division, 32 cycles are 
required to perform this operation in hardware. Since the 
writing of the result is performed in the HILO register and not 
in the pipeline, the pipeline can continue without interruption. 
When a following instruction attempts to access the HILO 
register, the assembly line will be stopped if the already 
launched partitioning operation is not yet complete. Detection 
of access to the HILO register is required because Read After 
Write (RAW) and Write After Write (WAW) hazards are 
possible during division operations. Therefore, readings and 
writings in the HILO register must be blocked, as long as the 
divider is occupied. To improve execution times, this logic can 
be placed on a previous pipeline level. The division unit is a 
finite state machine that can be available or unavailable, with 
the ability to detect whether overflows occur when signing 
operations are performed. 

As can be seen in Fig. 6, the nHSE_EN_sCPUi selector 
represents the activation command for the sCPUi to which time 
events, such as deadline, watchdog timer, asynchronous 
external interrupts, mutex or message events, are attached. 

 

Fig. 6. The sCPU0 and sCPU1 context switching operation based on nHSE scheduler in relation with the preemptive priority scheduling model; clock - nMPRA 
clock; nHSE_EN_sCPUi - scheduler enable wire; nHSE_Task _Select[3:0] - scheduler task selection; ID_Instruction[31:0] – CPU instruction from ID pipeline 
stage; WB_ALU_Result[31:0], WB_RegWrite, ReadReg2_Rt[4:0], ID_ReadData2_RF[31:0] – pipeline assembly line signals and registers, crTRi[0:3] – sCPUi 
control task register; RF_registers[1:127][31:0] – Register File multiplied n times.  

TABLE I.  THE APPLICATION SEQUENCE USED TO VALIDATE THE CONTEXT SWITCHING OPERATION BASED ON NHSE SCHEDULER 

Application code description MIPS32 and nHSE instructions transmitted through the ID_Instruction[31:0] signals 

sCPU0 is executed to threat a time event and execute 
wait instruction in order to dictate a context switch to 
the sCPU1 (Fig. 6.). 

//sCPU0 run 
20010011              // 0010 00_00 000_0 0001_ 0000 0000 0001 0001; 
                              // addi, R[rt] = R[rs] + SignExtImm; 
00000000              // nop; 
48C10000             //0100 10_00 110_0 0001_0000000000000000; 
// movcr instruction copy r1 GPR (general purpose registers) in the register crTRi[sCPUi] COP2; 
// switch the contexts if sCPU0 has no validated and active events 
//context switch: sCPU0->sCPU1 (sCPU1 treats an event validated by crTRi[1][31:0] register) 
00000000             // nop; 
20010000             // addi, R[rt] = R[rs] + SignExtImm; 
00000000             // nop; 
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When the scheduler activates the semiprocessors through 
the cr0MSTOP signals, the block diagram decodes at the same 
time the mrPRIsCPUi, crTRi, crEVi and grINT_IDi registers 
for active sCPUi. At a certain moment, in the case of normal 
execution, only one sCPUi can be in the RUN state. This is 
possible through the nHSE scheduler, the task state, the event 
blocks, as well as the sync signals. The code section illustrated 
in Fig. 6 through the ID_Instruction[31:0] signals, tests the 
preemptive scheduling method implemented by the nMPRA 
architecture using the Virtex-7 development kit [20] and 
Verilog HDL. With an independent execution, the scheduler 
has entries for multiple events prioritized differently by each 
sCPUi through the crEPRi (Event Priority Register) control 
register. As can be seen in Fig. 6, at time moment T1, the 
execution of the CTC2 type instruction (Copy control word to 
coprocessor 2 (COP2)) 0x48c10000, determines the change of 
the crTRi[0][31:0] control register with the value 0x00000011. 
This value has been previously stored in the file register at 
RF_registers[1][31:0] location, via the 0x20010011 instruction 
(addi MIPS instruction) executed by sCPU0. The hardware 
solution for dealing with interrupts was implemented as an 
additional hardware block called the Priority Encoder Block 
that generates the ID of the highest priority interrupt. 

The interrupt prioritization scheme has also been extended 
over events, thus becoming a hardware solution for any new 
type of event that can be attached to the nHSE architecture for 
treating the situation when multiple events become active; the 
following are few types of these events: time interrupts 
(lr_Tevi), watchdog generated events (lr_WDEvi), two deadline 
events (lr_D1Evi, lr_D2Evi), interrupts that can be attached to 
a task i (lr_IntEVi), mutexes used for accessing shared 
resources (lr_MutexEvi) and inter-task synchronization and 
communication events (lr_SynEVi). crTRi is a nHSE control 
register aimed at validating or inhibiting one of the seven 
events previously listed. As can be seen in Fig. 6, the 
multiplication of the memory elements from the pipeline 
registers greatly contributes to the increase of memory 
requirements for this architecture. The register file as well as 
the program counter are the support for the context switching 
operation in a clock cycle. After processing the 0x48c10000 
instruction with the wait Rj mnemonic (CTC2 type), at time 
moment T2, the nHSE scheduler performs context switching 
between sCPU0 and sCPU1. The Rj register can be any of the 
r0-r31 registers, of the register file belonging to the executing 
sCPUi. Table I shows the code sequence executed by nMPRA, 
as can be seen in Fig. 6. The structure of the PC registers, of 
the trap cells for events and interrupts, together with the 
mechanism that automatically enables the loading of their 
treating routines, is based on an additional block implemented 
in hardware and on the interrupt and event priority encoder. 

Fig. 7 presents the resource requirements for implementing 
the nMPRA processor with 8 sCPUi, including nHSE registers 
and inter-task synchronization and communication 
mechanisms. It is worth mentioning that these requirements 
include the resources used for the on-chip memory, UART, and 
for Human Machine Interface (HMI). In general terms, a LUT 
is actually a table that determines how the output is affected by 
any of the signals present at the inputs. Thus, a LUT consists of 
a RAM block that is indexed by its inputs. 

 

Fig. 7. Hardware resources for implementing nMPRA processor with 8 
sCPUi including nHSE registers using xc7vx485tffg1761-2 FPGA circuit; 
LUT– Look-up Table; LUTRAM – Look-up Table as Memory; FF – Flip Flop; 
BRAM – Block RAM; DSP – Digital Signal Processing slices; IO –User I/O; 
BUFG – global clock buffers; MMCM – Mixed Mode Clock Manager. 

The output of a LUT is the value of the RAM location 
indexed by the inputs. In the context of combinational logic, 
this is represented by the truth table, which effectively defines 
how the implemented circuit behaves. For slice definitions, it 
should be noted that the output of a LUT can optionally be 
connected to a Flip-Flop, and the groups of LUTs and FFs are 
referred to as slices. 

V. SCHEDULABILITY ANALYSIS OF NHSE SCHEDULER 

BASED ON REAL-TIME TASKS SCHEDULING ALGORITHMS 

This section presents the scheduling models and algorithms 
that underlie the program segmentation, as well as the 
optimization of the real time task execution. It also analyzes 
and describes several models so that the real time nHSE 
scheduler, validated in the present paper, can implement a 
scheduling algorithm suitable for both the nMPRA architecture 
and the set of tasks defined by the real time application. 
Throughout the present section, we will note with n the number 
of periodic or sporadic tasks that will be scheduled on a single 
processor. Each task τi is characterized by a WCET noted with 
Ci, a period Ti and deadline Di.  

A deadline model is fixed, compelling a Di smaller or equal 
to Ti. Consequently, for scheduling purposes each task τi is 
assigned a priority Pi, used for selecting which of the ready for 
execution tasks can be scheduled by the nHSE module. A 
higher value for Pi (mrPRIsCPUi – nHSE register) means a 
higher priority of that certain task; in fact, tasks are ranked in 
descending order [21], so that ∀ i | 1 ≤ i < n : Pi > Pi+1. We 
consider that activation times are set at the moment of design 
and initialization of the nMPRA processor, and the task 
execution time must be equal to or less than Ci. To illustrate 
these, we propose in Table II a set of three tasks with their 
relative parameters. 

TABLE II.  PARAMETERS OF A SAMPLE TASK SET 

 Ci Ti Di 

τ1 2 7 6 

τ2 3 12 10 

τ3 7 22 17 

23



A. Preemptive Scheduling using the Deadline Monotonic 
Algorithm 

Fig. 8 shows the preemptive scheduling of the tasks set 
from Table II, using the Deadline Monotonic algorithm. It can 
be observed that the scheduling of this tasks set is not ideal, 
because the task τ3 does not meet its deadline. 

 

Fig. 8. The preemptive scheduling of tasks from Table II, using Deadline 
Monotonic algorithm. 

B. Deferred Preemptions Model  

This method implies assigning each task τi the longest 
interval qi that can be non-preemptively executed. Depending 
on how many non-preemptive intervals are assigned, this 
model can be implemented in two different ways: the Floating 
model and the Activation-triggered model.  

The first involves the defining by the programmer of the 
non-preemptive region through primitives inserted in the task 
code for activating and deactivating interrupts. The second 
model is characterized by the fact that the non-preemptive 
regions are triggered by the occurrence of a higher-priority task 
[21]. When a request occurs during the non-preemptive period, 
a timer is set for activating the preemptive mode after qi 
interval. In both cases, non-preemptive intervals are not known 
at the time of the design, and for the sake of analysis, the most 
unfavorable cases are taken into consideration. For example, 
Fig. 9 shows the Deadline Monotonic scheduling by using the 
Deferred Preemptions method for the same set of tasks in Table 
II. Assuming that q1 = 0, q2 = 0 and q3 = 2, the scheduling of 
the set of tasks is feasible, the non-preemptive period is 
observed until the context is switched in the favor of a task 
with a higher priority. 

 

Fig. 9. Deadline Monotonic scheduling with Deferred Preemptions model for 
the set of tasks in Table II. 

When non-preemptive intervals occur, and if a non-
preemptive task τ3 is executed, the task can be interrupted by a 
task τ1 that will enter execution after a period q3 from the 
moment of occurrence. This interruption can occur only once 
in the favor of a task with a lower priority [22], [23], where Bi 
is the longest non-preemptive interval of the tasks with a lower 
priority than that of the interrupted task (1). The Bi interval can 
be calculating using the following relation 

  (1) 

C. Task Splitting Model 

If a set of tasks cannot be scheduled in a non-preemptive 
mode, there are several ways to divide the jobs in subjobs [21], 
in order to obtain feasible scheduling, if there is one. Therefore, 
it is very important to identify for each task τi the best locations 
where preemption points may be introduced by the nHSE 
scheduler, because there are sections, such as I/O operations, 
critical sections, or short loops, where task interruption is not 
desirable. In order to simplify this model, we considered the 
same set of tasks in Table II, assuming that τ3 is divided in two 
subjobs of 5 and 2 units. The scheduling performed with the 
Deadline Monotonic algorithm, using the Task Splitting 
method proves feasible [24], as shown in Fig. 10. An optimal 
scheduling scheme, with minimum preemption costs, has to 
result from the feasibility analysis [25]. To implement this 
scheduling model with the nMPRA architecture, it was 
necessary to extend the nHSE module with a new nHSE 
registers in order to define the preemption points for each task 
(sCPUi). Based on the feasibility studies for determining the 
ideal scheduling scheme corresponding to nMPRA real-time 
architecture, we can draw the following conclusions. Using the 
Deferred Preemption scheduling model, the number of context 
switching may be exactly estimated; nevertheless, the points in 
which these switching occur cannot be established off-line. The 
Task Splitting cooperative algorithm is the most predictable 
scheduling mechanism for calculating the preemption points, 
because it can accurately evaluated both the number of as well 
as the execution points where context switching occur. The 
implementation of this scheduling scheme is done by inserting 
certain system functions in the source code; this involves 
increasing the jitter by inserting an additional time. 

 

Fig. 10. Deadline Monotonic scheduling with the Task Splitting model for the 
set of tasks in Table II. 

24



VI. CONCLUSION 

The processor described in this research paper is the first 
version of full CPU implementation of the project described in 
[2]; furthermore, the author have taken into consideration that 
any MIPS32 pipeline storage element had to be multiplied as 
the other multiplied resources (such as the PC, GPR, pipeline 
registers).  

Compared to the original implementation, the processor 
proposed in this article is compliant with MIPS32 instruction 
set architecture which enabled us to use coprocessor 2 support 
for the nHSE module, in accordance with MIPS CorExtend 
User Defined Instructions (UDI). The final conclusion of this 
article highlights the advantages of the RTOS hardware 
scheduling and the use of the nMPRA CPU architecture as 
support for the research presented in this scientific paper. 
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