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Abstract—QOperating system (OS) models are widely used to alle-
viate the overwhelmed complexity of running system-level simu-
lation of software applications on specific OS implementation.
Nevertheless, current OS modeling approaches are unable to
maintain both simulation speed and accuracy when dealing with
preemptive scheduling. This paper proposes a Data-dependency-
Oriented Modeling (DOM) approach. By guaranteeing the order
of shared variable accesses, accurate simulation results are ob-
tained. Meanwhile, the simulation effort of our approach is con-
siderably less than that of the conventional Cycle-Accurate (CA)
modeling approach, thereby leading to high simulation speed, 42
to 223 million instructions per second (MIPS) or 114 times faster,
than CA modeling as supported by our experimental results.
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1. INTRODUCTION

Conventionally, instruction-set simulators (ISS) are widely
adopted to run specific OSs for software simulation, but the
achievable simulation speed is only few million instructions
per second (MIPS). For efficient system-level simulation, the
concept of OS modeling has been proposed recently. The idea
is to abstract routine OS operations into an efficient model and
simulate only the application part at the fine-gained level.

However, current OS modeling approaches are unable to
maintain both simulation speed and accuracy. In a modern OS
system, the preemptive scheduler dynamically alters the inter-
leaving between software tasks. Different interleaving se-
quences may introduce different execution results. Hence, it is
critical to simulate the effect of preemptive scheduling correct-
ly when validating software.

To model detailed preemption behavior correctly, mostly the
cycle-accurate (CA) modeling approach is adopted. At each
cycle, the CA approach swaps between simulated tasks and the
OS model. Nevertheless in reality, the overheads caused by
frequent swaps severely degrade the simulation performance.

In contrast, coarse-grained approaches swap at the bounda-
ries of software program basic blocks or functions. Although
these coarse-grained approaches greatly reduce swapping
overheads, the preemption behavior cannot be simulated at the
correct time point. As a result, the delayed handling of
preemption can lead to an inaccurate interleaving sequence,
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and the simulation results may be false-negative, in which
error is not detected as a result of incorrect simulation.

To deal with this issue, this paper proposes a data-
dependency-oriented modeling (DOM) approach. From our
observations, different interleaving sequences between soft-
ware tasks may produce different results. Nonetheless, as long
as the interleaving sequences have the same shared variable
access order, i.e., the same data-dependency, their execution
results will be identical. Therefore, to speed up simulation
performance, the basic idea of DOM is to minimize the fre-
quency of task swapping while guaranteeing the data-
dependency between simulated software tasks rather than a
fixed task interleaving sequence as in the CA modeling ap-
proach.

Since the number of shared variable accesses is considerably
smaller than the number of simulated cycles, DOM allows
faster simulation due to fewer swapping overheads. In addition
to being fast, the proposed approach also offers same accurate
simulation results as CA modeling approaches do.

The experimental results show that our approach can gener-
ate not only results of the same accuracy as those from CA
approaches but also have a simulation speed of at least 42
MIPS, which is 22 times faster than the CA modeling ap-
proach and 3 times faster than the basic-block-level modeling
approach.

The remainder of this paper is organized as follows. Section
II describes related work. The proposed data-dependency-
oriented modeling approach is elaborated in section III. Section
IV explains how to implement DOM OS models in SystemC.
Section V demonstrates our experimental results. Finally, a
conclusion is given in section V1.

II.  RELATED WORK

The Instruction-set simulator (ISS) technique [1-3] has been
widely used for software simulation. Although it can accurate-
ly simulate the preemptive scheduling of target OS, its poor
performance (only a few MIPS) is not practical for full system
simulation.

Although some dynamic compiled ISS techniques allow
high software simulation performance (approximately a hun-
dred MIPS), such as QEMU [4], which uses a binary transla-
tion approach, their implementation is complex and difficult to
integrate into HW/SW co-simulation frameworks such as Sys-
temC.
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Figure 1: (a) An illustration of an interleaving sequence which results in program segmentation fault; (b) The interleaving and access order of shared
variables following the function-level modeling of OS preemptive scheduling; (c) The interleaving and access order of shared variables following the
cycle-accurate modeling of OS preemptive scheduling; (d) The interleaving and access order of shared variables following the proposed data-dependency

oriented modeling of OS preemptive scheduling.

To improve the performance of integration in a co-
simulation framework, abstract OS modeling approaches [5-10]
are proposed. However, as far as we know, current high-speed
OS modeling approaches cannot accurately simulate the effect
of preemptive scheduling and may produce inaccurate soft-
ware execution results.

To illustrate the issue, an example is shown in Figure 1(a),
in which a particular interleaving sequence, a—f—, leads to a
program segmentation fault. Ideally, after checking the null
pointer, Taskl is supposed to successfully access the non-null
pointer, but the OS scheduler unintentionally preempts Task!
right after the checking and switches to Task2. Subsequently,
Task2 deletes the given pointer, so that when Taskl resumes its
execution, the invalid pointer access will crash the program.
Undoubtedly, designers would like to reveal this type of error
while validating software applications with an OS model.

To achieve high-speed simulation, the swapping overheads
must be reduced. An intuitive overhead reduction idea is to
limit task swapping at the boundaries of functions or basic
blocks of simulated software tasks. However, since preemption
may occur at any time point, the effect of preemption cannot be
captured accurately with proper ordering mechanisms.

Based on a function-level OS model [9] that swaps execu-
tions at function boundaries, Figure 1(b) shows the simulation
result of the case in Figure 1(a). The preemption handling is
deferred until the end of the function foo(), thereby leading to
different task interleaving, ay—p. In this case, the program
execution no longer crashes due to this incorrect simulation
sequence, and designers will miss this bug, making it a false

negative result. Similarly, a basic-block-level OS model [8]
may incur the same issue.

Instead, a cycle-accurate modeling approach [7] that swaps
between simulated tasks and the OS model at each cycle, as
shown in Figure 1(c), can accurately produce correct results
due to the same interleaving sequence, a—f—, as Figure 1(a).
However, as discussed before, the CA modeling approach
would have massive swapping overheads and hence poor simu-
lation performance.

III. DATA-DEPENDENCY-ORIENTED MODELING (DOM)

As discussed before, the efficient function-level OS model
leads to inaccurate simulation result and the accurate cycle-
accurate OS model results in massive simulation overhead. In
order to be both efficient and accurate in simulating the
preemption behaviors, we introduce a data-dependency-
oriented (DOM) approach.

Based on our observations, although task interleaving se-
quences can differ due to varying preemption event points,
execution results are actually determined by their shared vari-
able access order, i.e., data-dependency. In fact, as long as the
interleaving sequences have the same data-dependency, their
execution results are identical.

Previous studies [11-13] conclude that consistent data-
dependency can be guaranteed if the execution order of shared
variable accesses is maintained. The authors of [11-12] show
that software applications on multi-core system can be simu-
lated accurately and efficiently by effectively maintaining the



data-dependency. Based on the data-dependency concept, the
authors of [13] further provide an efficient and accurate
coarse-grained-level software application simulation approach.

In order to maintain the same data-dependency of the origi-
nal execution, the proposed DOM swaps between the OS
model and simulated tasks at each shared variable access point.
The swapping of executions maintains data integrity influ-
enced by the task interleaving sequence. In fact, only shared
variable accesses can affect data integrity. For better under-
standing, we use the example in Figure 1 to demonstrate how
the DOM approach works.

As shown in Figure 1(b), when applying function-level
modeling, the delay of preemption handling incurs the ac-
cesses to the shared variables, ptr, i.e., i—iv—ii—iii.

However, the cycle-by-cycle execution diagram of the two
interleaving tasks is shown in Figure 1(c), in which the ac-
cesses to the shared variables, ptr, are marked as i, i, iii, and
iv according to their accessing order. Hence, the data-
dependency ordering is violated in function-level modeling
since the out-of-order access to ptr.

In contrast as illustrated in Figure 1(d), DOM can maintain
the same access ordering, i.e., i—ii—iii—iv as the CA execu-
tion by synchronizing (or swapping) at the shared variable
access points. Although the delayed preemption handling in
DOM still alters the interleaving between Taskl and Task2
from a—f—y to ay'—p—y”, the out-of-order portions f and y’
have no shared variable access. Therefore, their execution or-
der does not affect the execution result, and an accurate simu-
lation is obtained.

In summary, the proposed DOM not only offers the same
simulation results as CA modeling but also largely reduces
swapping overheads. Hence, it is capable of a fast and accurate
simulation of the preemption effect.

IV. IMPLEMENTATION OF DOM OS MODEL IN SYSTEMC

This section explains how the proposed DOM OS model
can be incorporated into SystemC [14]. Although SystemC is
an IEEE standard and has been widely applied to early-stage
system simulation, it does not explicitly support task preemp-
tion [15]. In the following, we give details on how to employ
the proposed OS model for preemptive scheduling in SystemC.

A. Simulation Diagram

The SystemC engine adopts a concurrent simulation strate-
gy: the executable HW/SW tasks on SystemC are executed
concurrently. Nevertheless, in the target single-core system,
the software tasks are in fact sequentially executed.

The proposed simulation flow incorporating the DOM OS
model is illustrated in Figure 2. In this simulation flow, the
proposed DOM OS model manages the execution order of
executable software tasks while the SystemC engine still man-
ages the scheduling of hardware tasks.

When a software task is executable, the SystemC engine in-
vokes our DOM OS model. Afterwards, DOM will first com-
pute the time to next shared variable access by calling the
wait() function, which will execute operations of the task and
submit control back to SystemC for hardware simulation.
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Figure 2. The simulation flow incorporating DOM OS model in
SystemC.

In reality, the executing software can be preempted due to
interrupts. For example, when a hardware task needs to inte-
ract with a specific software task, it will send an interrupt to
notify the processor. The processor will suspend the current
software task to invoke the corresponding interrupt service
routine (ISR). Afterwards, if necessary, the OS scheduler per-
forms context switch to execute the specific software task.
Otherwise, it just resumes the suspended software task.

In SystemC, an interrupt is modeled as a SystemC event.
When an interrupt event is issued by a hardware task, our OS
model will record it in an Interrupt Event Queue. Afterwards,
the DOM OS model will check the Interrupt Event Queue and
consider the preemption effect when it is invoked.

When encountering a preemption event, the DOM OS
model will request the SystemC engine by calling wait function
to mimic the time delay for the preempted software task and
trigger the preempting software task to execute. Otherwise, it
will just resume execution of the current software task.

In order to mimic the time delay (or suspension time) of the
preempted task, the DOM OS model has to perform timing
adjustment, which is elaborated in the following section.

B. Timing Adjustment for Time-Sharing Effect

Because the SystemC engine is mainly designed to simulate
the concurrent behavior of hardware tasks, the timing behavior
of different tasks can appear to overlap in the perspective of
simulated time. To illustrate the behavior, Figure 3 demon-
strates the simulation results following the example in Figure
1(a). Here, software Taskl starts first and then software Task2
is launched at #,. Following the concurrent behavior, the Sys-
temC engine simulates their overlapped executions in Figure
3(a).

However, in a time-sharing multi-tasking OS system, soft-
ware tasks are cooperatively performed one at a time. The
execution of the two software tasks in the target system should
be as depicted in Figure 3(b). Therefore, when using SystemC
to simulate the timing behavior of software tasks, the tasks
will be confused by the overlapped simulated time.
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Figure 3: (a) The concurrent simulation result from the aspect of simulated
clock; (b) The true time-sharing behavior of the target system; (c) The
time-sharing behavior from the concurrent simulation by adopting timing
adjustment mechanism of DOM OS model.

To resolve the issue, our OS model first ensures correct
time-sharing behavior and then adopts the timing adjustment
mechanism [9-10] by adjusting the simulated task end time to
be the same as that in the target system.

To simulate the time-sharing behavior, the DOM OS model
lets the preempted software tasks wait further the suspension
time as shown in Figure 3(c). Note that this figure is depicted
from the aspect of simulated clock which indicates the simu-
lated time of the target. In contrast, simulation time implies the
time to simulate on the host.

Figure 4 illustrates in detail how the mechanism works by
checking the Interrupt Event Queue. If there is a preemption
event, the preempted software task will wait the suspension
time which is the computing time of preempting software task
execution. Otherwise, the executing software task will resume
execution at the next shared variable access. The checking of
preemption will be recursively executed until there is no inter-
rupt in Interrupt Event Queue.

The purpose of having suspension time is to mimic the
time-sharing behavior by forcing the preempted software task
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preempted task
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Figure 4. The timing adjustment flow of software tasks in DOM OS
model.

to suspend program execution. During suspension time, the
preempted task does nothing and consumes only time, depicted
as the shaded segment in Figure 3(c). Although tasks still over-
lap with the execution from ¢, to ¢, due to the SystemC engine,
the end time of simulated clock will be the same as time-
sharing with the timing adjustment.

C. Identifying Shared Variable Access

This section discusses how shared variables are identified by
shared allocation routine in our implementation. The purpose
of the identification is to mimic the data allocation mechanism
of the OS. In addition to the preemptive scheduling, our OS
model also provides the required shared allocation routine for
software task implementation. A software task can use the
routine to allocate shared data once the allocation function is
called. Afterwards, the address of the shared data is then rec-
orded for simulation use.

As shown in Figure 5, when a simulated software task issues
a memory access, we check whether the target address is of
shared data. If it is, the DOM OS model will compute the time
from last shared variable access and annotate the time to the
wait() function to invoke the SystemC engine for simulation.

In this way, the DOM OS model can guarantee the data-
dependency by maintaining the temporal order of shared vari-
able accesses.

simulated

no
task ¢
1
¢ shared
.+~ data access > access annotate computing
.. _address _ -~ yes time to wait()

shared data address table
DOM OS Model

Figure 5. Identifying shared variable access during run-time in a DOM
OS model.



V. EXPERIMENTAL RESULTS

To verify the proposed DOM OS model, we performed an
experiment to demonstrate the simulation speed and another
one to confirm the simulation accuracy. The proposed OS
model is implemented and integrated into the SystemC kernel.

During simulation, the DOM model is invoked to process
preemption events at shared variable access points. We fol-
lowed the timing annotation ideas proposed in [16-18] and dy-
namically annotate the computing time of each task.

A. Simulation Speed

Table I summarizes the simulation speed benchmark results
for a few OS modeling approaches using SPLASH-2 parallel
programs [19]. The barnes, lu, ocean, fft, fmm and radix
benchmarks are implemented into 2, 4 and 8 tasks. Each task
is executed in turn when the target processor is periodically
notified by a timer interrupt.

TABLE 1. THE SPLASH-2 EXPERIMENTAL RESULTS
Simulation Speed (MIPS)
Bench Shared
Programs Access Rate CA BB boM
barnes 2 7.46% 2.1 16.8 53.0
barnes 4 7.77% 2.0 15.9 48.9
barnes_8 8.36% 1.9 15.4 42.1
lu 2 3.14% 2.2 18.3 73.5
lu 4 3.16% 2.0 17.6 71.5
lu 8 3.26% 1.9 16.2 66.6
ocean_2 1.81% 2.1 18.4 97.5
ocean_4 1.82% 2.0 17.1 95.8
ocean_8 3.36% 1.8 15.8 60.2
fft 2 0.93% 2.1 18.2 140.3
fft 4 1.16% 2.0 17.6 130.2
fft 8 1.12% 1.9 16.4 128.2
fmm_2 0.71% 2.1 18.4 170.4
fmm_4 0.47% 2.0 17.1 179.4
fmm_8 0.36% 1.9 16.4 182.4
radix_2 0.08% 2.2 18.6 223.1
radix_4 0.10% 2.1 17.5 217.1
radix_8 0.09% 1.9 16.7 221.9

Among all cases, the simulation speed of CA OS model is
consistently at around 2 MIPS. As for the basic-block-level
(BB) OS model, in average each basic block contains 3 to 6
instructions [20] and hence the simulation speed is improved
to be around 18 MIPS.

In contrast, the DOM OS model swaps between the OS
model and executing tasks only at each shared variable access,
and hence the simulation speed is further raised up to the
range of 42 to 223 MIPS.

The variation of the simulation speed actually depends on
the density of shared variable access. Simulation speed is low-
er for cases of higher shared variable access rate. Particularly,
the radix example has only few shared variable accesses, so its
simulation on the DOM OS model is faster than other bench-
marks.

Note that Table I does not include results from the function-
level OS model, since the execution of the SPLAH-2 programs
cannot terminate on it. This is because a dead-lock situation

occurs if there is an execution loop within a function call and
the termination condition relies on a shared variable to be set
by other tasks, since no other task can be activated if the cur-
rent task does not terminate but instead waits for another task
to provide the termination value. Therefore, the function-level
OS model is not suitable for preemptive OS modeling purpos-
es.

Furthermore, to show that the shared variable access rate
greatly influences the simulation performance, we adopt the
producer-consumer program of ADPCM encoder and decoder
from MiBench [21]. The ADPCM is a signal encoding program.
In the design, there is a FIFO shared by both the encoder and
decoder tasks. The encoder produces data into the FIFO and
then the decoder consumes the FIFO data. Upon a half-filled
FIFO, a controller sends an interrupt to trigger the encoder task
to work. The application has a very high shared variable access
rate, but the simulation speed based on the DOM OS model can
still achieve 40.1 MIPS, compared to 9.6 MIPS on the BB
model and 1.7 MIPS on the CA OS model.

B. Simulation Accuracy

To verify the simulation accuracy, we further adopt the
WatchDog Timer benchmark and compare the final simulation
results from the BB OS model and the DOM OS model with
that of the CA OS model. The WatchDog Timer is a widely
used for deadlock detection. The principle operation of the
WatchDog benchmark is to periodically test a shared register
(i.e., WTCNT) value. If the register value is tested to be zero,
the multi-tasking OS system determines that it is in a deadlock
and will reset the system.

To demonstrate the accuracy of the DOM OS model, we
implement the WatchDog, which consists of two tasks. One
task counts down the value of the shared register one by one
and then checks the value at the end of each specified timeout
period. The other task assigns a non-zero value to the register
when it is triggered by a timer interrupt. The result is errone-
ous if the simulated value of the register is different from that
of the CA OS model. The error rate is computed by dividing
the number of erroneous results by the total number of register
value checks. We then vary the timeout period and control the
frequency of timer interrupt to create different tests. As shown
in Figure 6, the proposed DOM OS model is always 100%
accurate, matching the CA OS model, while the error rate of
the BB OS model ranges from 56% to 66% as the time-out
period becomes shorter.
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Figure 6: The simulation accuracy of the WatchDog Timer with different
OS modeling approaches.



VI. CONLUSION

In this paper, we have presented and demonstrated the DOM
approach for the simulation of OS preemptive scheduling. By
maintaining the data-dependency between the software tasks,
we can accurately simulate the preemption effect. Moreover,
the proposed OS model is implemented to enable preemptive
scheduling in SystemC. The experimental results show that the
preemptive scheduling simulation using our modeling approach
can perform 114 times faster than the CA OS model while
maintaining the same accuracy.
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