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networks.1 (Elsewhere, we present extensions of this theory to the domain of system-level design of real-time embedded
systems, as well as the background for
our framework.2,3)
Our framework differs in several ways
from frameworks based on traditional realtime scheduling theory. The latter involve
standard event models (periodic, sporadic, and so on), whereas we based our
framework on a generalized event model
that subsumes such standard models at the cost of moreinvolved analysis techniques.2 Furthermore, traditional
schedulability analysis relies on an explicit speciﬁcation
of deadlines and isn’t useful for naturally modeling multimedia streams in which deadlines are implicitly speciﬁed in the form of buffer and delay constraints. Finally,
our framework can accurately model variable execution
requirements of tasks—an important characteristic for
multimedia-stream-processing applications.
We illustrate our framework’s utility through a
detailed case study involving the design of a scheduler
for a set-top box. Although this case study doesn’t reveal
our framework’s full modeling capability, it facilitates a
better understanding of the basic ideas behind our
method. In a more complex setting, our framework can
also model specific task properties, such as variable
consumption and production rates of streams, and endto-end processing delay requirements.

Editors’ note:
Scheduling on-chip resources using analytical techniques is becoming
increasingly important in multimedia processing. This article presents an
analytical framework for designing and evaluating schedulers for SoC
multimedia platforms. The modeling technique subsumes standard event
models used in real-time scheduling and accurately captures the variability
in task execution requirements.
—Radu Marculescu, Carnegie Mellon University; and
Petru Eles, Linköping University

THE DEMAND FOR conﬁgurable SoC platforms that
support multimedia applications is continually increasing. Current practice in scheduling on-chip resources on
such platforms relies on techniques such as stalling a
processor when a buffer overﬂows and dynamically monitoring and adjusting service shares allocated to different
multimedia streams on the processor. Furthermore, system designers often determine a scheduler’s design
parameters using purely simulation-based techniques.
Such techniques can lead to complicated scheduling
algorithms, and are typically ad hoc without any worstcase performance guarantees.
Our analytical framework lets system designers systematically design and evaluate schedulers for SoC multimedia processing platforms, thus addressing these
problems. Our framework is based on the theory of
Network Calculus, which was originally developed—
and is still largely used—for analyzing communication
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Figure 1. System model of a set-top box device processing audio and video streams.

SoC platform architectures
An example of a multimedia application is a digital
set-top box that processes concurrent streams of audio
and video data for broadband multimedia services.
Often, it must also perform network packet processing
for high-speed Internet access. The complexity of such
applications, coupled with rapidly changing protocols
and coding standards, high design costs, and time-tomarket pressures, has led to the development of generic and scalable media processing platforms. These
platforms can be tuned and deployed in a wide range
of products. Examples of such platforms include OMAP
from Texas Instruments, PrimeXsys from ARM, and
Viper4 and Eclipse5 from Philips.
However, the main challenge in designing and
deploying generic platforms is to satisfy the high computational demands and real-time constraints associated with processing multimedia streams. Although
custom SoCs and ASICs can provide high performance,
low power, and small size, it’s far more difficult to
achieve similar performance using generic platform
architectures. The most promising way to overcome this
drawback is to use intelligent platform management
and scheduling techniques.6,7
A typical SoC platform for multimedia applications
consists of a heterogeneous collection of fully programmable processing elements (PEs)—for example,
MIPS Technologies, ARM, and TriMedia processors—
and coarse-grained application-specific coprocessors
optimized for specific tasks. The task structure representing the application to be executed on such a plat-
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form includes a set of concurrently executing tasks that
exchange information solely through unidirectional
data streams.5,6
Figure 1 shows a simple system-level model of a settop box device implementing an audio-video decoder.
Audio and video streams enter the device, which
includes two PEs: PE1 and PE2. The MPEG-2 video
decoder’s task structure contains several tasks—some
mapped onto PE1, others onto PE2. The MP3 audio
decoder includes a single task, mapped onto PE2. Onchip buffers B1, B2, and B3 store the partially processed
streams. Finally, PE2 writes the decoded streams into
play-out buffers Bv and Ba, which the video and audio
output devices read.

Scheduling multimedia streams
Different streams entering a PE (for example, PE2)
could be associated with different input rates. The
respective output devices could also consume the outgoing processed streams at different prespeciﬁed rates.
Additionally, the processing requirements associated
with the streams can vary widely. Therefore, to satisfy
the real-time constraints imposed by such I/O rates and
the ﬁxed buffer sizes (such as Bv and Ba in Figure 1), it’s
necessary to suitably schedule the multiple streams
entering a PE.
The main difficulty in devising such a scheduling
strategy arises from the bursty nature of the streams
entering a PE. On-chip trafﬁc from processing multimedia tasks on multiprocessor SoCs tends to be highly
complex and bursty for three main reasons.8 First, the
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Figure 2. Evaluating multiple scheduling policies and their associated
parameters: traditional design cycle, purely based on simulation (a); and
our design cycle, which resorts to simulation only once and bases
subsequent iterations on analytical methods (b).

execution time of many media processing tasks highly
depends on the properties of the particular audio-video
sample being processed. According to Rutten et al.,5 the
ratio of the worst-case and the average load on a PE due
to such a task can easily be as high as a factor of 10.
Second, the quantity of the I/O data consumed and produced by a task can also vary widely. An example of this
is the variable-length-decoding task in Figure 1. Third,
the input multimedia streams already tend to be highly
bursty when they enter a processing device. For example, in Figure 1, the arrival pattern of the input streams
entering the set-top box would depend on the network’s
congestion levels. In addition to these effects, the burstiness in the streams’ arrival pattern could increase as
they pass from one PE to the next, depending on these
PEs’ contention and scheduling policies.9

Buffer constraints
Any scheduling policy on a PE belonging to a setup
similar to that in Figure 1 must typically satisfy the following constraints: None of the buffers should overﬂow,
and the play-out buffers read by the real-time output
devices should never underﬂow. The audio-video input
devices read the play-out buffers at specified rates,
depending on the required output quality. Therefore,
the constraint on such a buffer’s underﬂow is to ensure
that this required output quality is guaranteed. In many
cases, using blocking writes and reads to prevent buffer
overflows or underflows isn’t feasible. Efficiently
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implementing such blocking mechanisms requires either a multithreaded
processor architecture or substantial runtime operating-system support for context switching.
The motivation for this buffer-centric
design and evaluation of schedulers is
that buffers are available only at a very
high premium, because of their large onchip area requirements.8 Hence, they
play a central role in the design of any
scheduling or SoC platform management
policy. Our analytical framework can
help a system designer systematically
design and evaluate schedulers for the
different PEs of such a buffer-constrained
SoC platform. The main novelty of this
framework is that it provides a way to
accurately characterize the variable execution times of multimedia processing
tasks and the burstiness of on-chip trafﬁc.

Multimedia scheduling
Designing schedulers for on-chip PEs involves signiﬁcantly different constraints from those for scheduling and buffer management of multimedia applications
in operating systems and communication networks.10 In
the latter domain, the scheduling overhead is often negligible in comparison to the execution times of the tasks.
This allows for complicated, online scheduling algorithms. However, in our resource-constrained setup,
implementing such algorithms might be infeasible:
Often, on-chip PEs have only lightweight or even no
operating system support. Furthermore, in the communication networks domain, buffer-use restrictions are
not as acute, and it’s possible to recover from data loss
due to buffer overﬂows. However, such mechanisms are
too complicated for an on-chip setup.
Our evaluation framework provides worst-case guarantees on any scheduler’s properties. Most of the state
of the art in this area rely on simulation-oriented techniques to evaluate any scheduling or platform management policy, and follow the design cycle in Figure
2a. Our technique follows the design cycle in Figure 2b;
we resort to simulation only once, to derive certain system bounds. Subsequently, in our framework the evaluation of all scheduling policies and parameters (such
as suitable weights for a weighted round-robin scheduler) relies solely on analytical methods. Hence, when
the parameter space associated with designing a sched-
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uler is relatively large, our
framework is a few orders
of magnitude faster than
purely simulation-based
approaches.
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overview

b1
x1(t )

p1

β1
b2

x2(t )

β2

C1(t )

y1(t )

p2
y2(t )

For the sake of generC2(t )
ality, we consider any
multimedia stream to
include a potentially infi- Figure 3. Abstract view of PE2 for the system model of the set-top box shown in Figure 1.
nite sequence of stream
objects. A stream object
could be a macroblock, a video frame, an audio sam- objects from the play-out buffer at a rate specified by
ple, or a network packet, depending on the part of the function Ci(t), which denotes the number of stream
architecture where the stream exists. For example, in objects consumed during time interval [0, t]. It’s imporFigure 1, stream objects are network packets when the tant to note the distinction between functions xi, yi, Ci,
relevant stream is that entering the network interface. and βi. The ﬁrst three functions denote cumulative valIn contrast, the stream objects are partially processed ues over [0, t], whereas βi takes time interval length as
macroblocks when the relevant stream is that written an input parameter. We will refer to βi(∆) as a service
into buffer B2.
curve, with βil being the lower curve and βiu being the
Figure 3 shows an abstract view of processing ele- upper one.2
ment PE2 in the system model of the set-top box in
Our evaluation framework can solve the following
Figure 1. Functions x1(t) and x2(t) specify the two two problems. First, for the PE in Figure 3, given funcstreams entering this PE. These functions denote the tions xi(t) and Ci(t) for streams 1 and 2, and buffer sizes
total number of stream objects that arrive at the two b1, b2, p1, and p2, the first problem is to compute funcinternal buffers in Figure 3 over time interval [0, t]. Now tions β1 and β2 such that none of the four buffers overassume stream i (i = 1, 2) receives service βi from the PE. flow and the two play-out buffers never underflow.
βi is a tuple (βil, βiu), where βil and βiu are the lower and Second, once we’ve obtained β1 and β2, the second
upper bounds on the service provided by the PE to problem is as follows. Given any scheduler, how do we
stream i, such that within any time interval of length ∆, compute the service this scheduler offers to the two
the PE can process at least βil(∆) and at most βiu(∆) streams, in terms of its service curves, denoted β1′ and
stream objects. Two factors thus determine βi :
β2′? If, for all ∆ ≥ 0, β1l(∆) ≤ β1l′(∆) and β1u(∆) ≥ β1u′(∆),
and similar inequalities hold for β2 and β2′, then we can
conclude that this given scheduler satisfies all buffer
■ the maximum and minimum execution times of the
constraints and is thus a feasible scheduler for the PE.
stream objects belonging to stream i, and
A designer can then further evaluate this scheduler by
■ the scheduling policy implemented on the PE to
schedule the different streams and possibly other considering other factors, such as scheduling overhead
and implementation complexities.
tasks processed on this PE.
In Figure 3, the two internal buffers with sizes b1 and
b2 (the number of input stream objects these buffers can
store) correspond to buffers B2 and B3 in Figure 1. The
two play-out buffers of sizes p1 and p2 correspond to
buffers Bv and Ba. Function yi(t) speciﬁes the processed
output stream entering a play-out buffer. Like xi(t), this
function denotes the number of stream objects exiting
the PE over time interval [0, t]. The real-time output
device associated with stream i consumes stream
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Computing bounds on the required
service
We denote the min-plus convolution of any two
functions, f and g, as (f ⊗ g)(t) = infs:0≤s≤t{f(t – s)+g(s)}.
We denote the min-plus deconvolution of f and g as
(f  g)(t) = supu:u≥0{f(t + u) – g(u)}. We use f ∧ g to denote
the inﬁmum of f and g (or the minimum, if it exists) and
f ∨ g to denote the supremum of f and g (or the maximum, if it exists).
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Now, consider the two streams i = 1, 2 in Figure 3. For
simpliﬁcation, we drop identiﬁer i. We express the playout buffer underﬂow constraint for the stream as y(t) ≥
C(t), ∀t ≥ 0. Similarly, we express the constraint on the
play-out buffer overﬂow as y(t) ≤ C(t) + p, ∀t ≥ 0. Finally,
we express the constraint on the overﬂow of the internal buffer associated with the stream as y(t) ≥ x(t) – b,
∀t ≥ 0. Combining the first and third constraints, we
obtain constraint y(t) ≥ C(t) ∨ [x(t) – b], ∀t ≥ 0. If lower
service curve β l represents the minimum service that
the PE guarantees to the stream, then y(t) ≥ (β l ⊗ x)(t).1
Hence, the minimum value of y(t) at any time t is (x ⊗
β l)(t). Then, substituting for y(t) in the constraint just
given, we obtain (x ⊗ β l)(t) ≥ C(t) ∨ [x(t) – b], ∀t ≥ 0.
Using techniques described by Le Boudec and Thiran,1
we can further reformulate this inequality as

β l(t) ≥ {C(t) ∨ [x(t) – b]}  x(t), ∀t ≥ 0

We specify a workload curve, γ, associated with a
stream by the tuple (γ l, γ u), such that γ l(k) denotes the
minimum number of consecutive stream objects from
this stream guaranteed to be completely processed
using k processor cycles, and γ u(k) is the maximum
number of consecutive stream objects that can be completely processed using k processor cycles. Let service
curve σ = (σ l, σ u), given in terms of the number of
processor cycles, specify the service that a scheduler
offers to a particular stream. Then, σ l(∆) and σ u(∆)
denote the minimum and maximum number of processor cycles available to the stream within any time interval of length ∆. Now let β l(∆) and β u(∆) be the service
curves the stream requires to meet the buffer constraints, expressed in terms of the number of stream
objects. Then, for the scheduler to be feasible,

(1)

If upper service curve β represents the maximum
service that the stream can receive from the PE, then
y(t) ≤ (β u ⊗ x)(t) holds. Therefore, using (β u ⊗ x)(t) as
the maximum value of y(t), we can reformulate the constraint on the play-out buffer overﬂow as (β u ⊗ x)(t) ≤
C(t) + p, ∀t ≥ 0, or equivalently,
u

β u(t) < [C(t) + p]  x(t), ∀t ≥ 0

Workload characterization

γ l(σ l(∆)) ≥ β l(∆), ∀∆ ≥ 0
γ u(σ u(∆)) ≤ β u(∆), ∀∆ ≥ 0
These inequalities should hold for all the streams
processed by the PE that contains the scheduler.
Various methods can serve for obtaining a stream’s
workload curves; these include simulations and analytical modeling of the software processing the stream.

(2)
TDMA schedulers

Inequalities 1 and 2 (bounding β l and β u) give lower
and upper bounds on the service that any feasible scheduler implemented on the PE must provide to the stream.

Characterizing scheduling disciplines
Now we come to the second problem. Given a scheduler to be implemented on a PE, does the resulting service offered to each multimedia stream processed on the
PE match the service that the stream requires? The service required by a stream is what we computed as our
ﬁrst problem. However, we computed this requirement
in terms of the number of stream objects to be processed
within any given time interval. The service that a scheduler provides to a stream, on the other hand, is naturally
expressed in terms of the number of processor cycles.
Hence, we need a way to express this service in terms of
the number of stream objects. Because of the variability
in the execution requirements of the different stream
objects belonging to a stream, this is difﬁcult. We address
this problem by characterizing the variability using the
concept of workload curves,3 which is very similar to the
concept of service curves introduced earlier.
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We now characterize a time division, multiple access
(TDMA) scheduler in terms of the service it provides to
any particular stream when that scheduler is scheduling
multiple streams. There are two main reasons for using
TDMA as an example. First, it’s simple enough to implement in a SoC setup, and it has low scheduling overhead,
so it’s widely used for scheduling on-chip PEs and communication resources. Second, TDMA is also relatively
easy to characterize in terms of service curves; hence, it
provides a simple illustration of the theory just presented. Of course, our evaluation framework is not restricted
to analyzing only TDMA schedulers. System designers
can use it to analyze any static or dynamic priority-scheduling algorithm, including preemptive and nonpreemptive versions. These include scheduling policies such as
ﬁxed-priority, weighted round-robin, and earliest-deadline ﬁrst. In fact, our framework can evaluate any scheduling policy that is characterizable using service curves.
Moreover, it can evaluate a platform in which different
scheduling policies are used on the different PEs.2
Now, consider two streams scheduled on a PE by a
TDMA scheduler with period P. The weights associated
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Set-top box application scenario
We used our framework to evaluate different schedulers on the PEs of the set-top box in Figure 1. Again, for
simplicity, we restrict ourselves to TDMA-based schedulers. After the network interface processes the MPEG2 video stream, the coded bitstream enters PE1, which
executes the variable-length decoding (VLD) and
inverse quantization (IQ) tasks. PE2 then processes the
resulting partially decoded stream of macroblocks. PE2
executes the inverse discrete cosine transform (IDCT)
and motion compensation (MC) tasks for each macroblock and writes the resulting decoded macroblocks
into video play-out buffer Bv, which video output device
Vout periodically reads; Vout ﬁnalizes the processing and
displays the video information.
The audio stream appears at the network interface’s
output as a sequence of frames. PE2 performs MP3 decoding on each frame in the sequence and writes decoded
audio samples into audio play-out buffer Ba, which audio
output device Aout periodically reads one frame at a time;
Aout performs ﬁnal processing and play-out.
September–October 2004
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σ u(∆)
Processor cycles × 106

with streams 1 and 2 are w1 and w2, where w1 + w2 ≤ 1. The
scheduler divides time into periods of length P. Within any
period, the scheduler allocates w1 × P consecutive units
of the PE’s time to stream 1, and w2 × P consecutive units
to stream 2. If a stream doesn’t have a sufﬁcient number
of stream objects to exhaust the processor share allocated to it, the unused processor cycles are wasted.
Assuming P is inﬁnitesimally small, we can neglect
the effects of a ﬁnite sampling of the processor cycles.
Then, we can calculate the service offered to the two
streams in terms of processor cycles as follows. If c is the
number of processor cycles available from the PE per
unit time (that is, c is the PE’s clock rate), service curve
σ l(∆) = σ u(∆) = c∆ constitutes the total service offered
by the processor. The service curve for stream 1 is σ1l(∆)
= σ1u(∆) = w1c∆; the service curve for stream 2 is σ2l(∆)
= σ2u(∆) = w2c∆. Therefore, the lower and upper service
curves for both streams coincide and are straight lines
with slopes w1c and w2c, respectively.
When P has a ﬁnite value, the service curves take the
form of a staircase function, and the lower and upper
curves no longer coincide. Figure 4 gives an example of
such a service curve. Here, P is set to a time interval over
which the PE offers a total of 2.5 ×106 cycles. The TDMA
scheduler schedules one video and one audio stream on
the PE. The weights associated with the video and audio
streams are 0.109 and 0.891. Figure 4 shows the lower and
upper service curves offered to the video stream.

σ l(∆)

1.0

On interval
0.5
Period
0.1
0
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Figure 4. Example service curves. Here, σ l and σ u are the
lower and the upper service curves corresponding to the
service received by one of the two streams scheduled on a
PE using a TDMA scheduler. The scheduler’s period, P, is set
to the equivalent of 2.5 × 106 processor cycles. The weight
associated with the stream whose service curve is shown is
0.109, and the weight associated with the second stream is
0.891. The on interval indicates the time over which the PE
processes the first stream within any period. The value of σ l
is initially 0, corresponding to the maximum time the
processor is unavailable to the stream.

PE2, therefore, executes tasks for both streams and represents a shared resource in the platform architecture.
Identifying an appropriate scheduler for PE2 is thus an
issue that the system designer must address. To avoid
degradation of the sound and picture quality, such a
scheduler must ensure that no audio or video samples
are lost due to an overﬂow of any of the buffers and that
play-out buffers never underﬂow. Such a scheduler might
be difﬁcult to identify because of the high variability in
the execution time of the different tasks running on PE2
and the burstiness of the two streams that it processes.
Because PE2 processes only two streams, any TDMAbased scheduler is completely speciﬁed by weights w1
and w2 and period P. Determining w1 and w2 is relatively straightforward. The long-term average rate at which
PE2 processes either of the two streams must exactly
equal the corresponding output device’s long-term average consumption rate for that stream. Either a buffer
overﬂow or underﬂow is bound to occur at some point
if these long-term rates do not match. Designers should
therefore choose weights w1 and w2 to match these rates.
However, there can be short-term mismatches in the processing and consumption rates because of the burstiness
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Table 2. Speciﬁcation of the two multimedia streams processed by the platform
architecture in Figure 1.
Multimedia stream
MPEG-2 video*

Table 1. Buffer sizes for the platform
architecture in Figure 1.
Buffer

Size

B2

4,000 macroblocks

Bv

3,200 macroblocks

B3

4 frames

Ba

4 frames

MP3 audio

No. of stream objects
(macroblocks × 103)

60
50

x1(t )

40

C1(t )

30
20
10
0.5

1.0

(a)

1.5

2.0

No. of stream objects
(macroblocks × 103)

Constant bit rate

8 Mbps

Frame rate

25 fps

Picture resolution

704 × 576 pixels

Clip duration

15 s

Constant bit rate

256 Kbps

Sampling frequency

44.1 kHz

match depends on the sizes of the internal and play-out
buffers associated with each stream, and period P.
Finding an appropriate value of P is not straightforward. There is generally a set of such values satisfying
all buffer constraints. However, given any value of P, our
framework can determine whether the resulting scheduler is feasible. After determining a set of feasible values of P, the system designer can use other evaluation
criteria, such as incurred scheduling overhead or power
consumption, to narrow that set (see Figure 2).
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Arrival pattern and workload specifications of
streams
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1.5

Processor cycles × 10
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Figure 5. Specification of the video stream: functions x1(t)

The system conﬁguration for the platform architecture
in Figure 1 is as follows. Each PE is a reduced-instructionset computing (RISC) core. PE1 has application-speciﬁc
extensions for MPEG-2 processing and runs at a clock rate
of 200 MHz. PE2 has application-speciﬁc extensions for
video-processing functions and runs at a clock rate of 390
MHz. Table 1 gives the buffer sizes for this architecture.
Table 2 gives the parameters related to the two streams
given in Figure 1. The streams correspond to an MPEG-2
video and an MP3 audio clip. These represent typical
clips that the set-top box in Figure 1 must process.
We obtained the x1(t) function in Figure 3 by measuring the execution times of the VLD and IQ tasks for
each macroblock in the video sequence and by
accounting for
■

and C1(t) from Figure 3 (a); and workload curves (γ1l, γ1u),
capturing the total execution requirements for tasks IDCT
and MC running on PE2 (b).

of the streams and the variability in their execution
requirements from PE2. The tolerable amount of mis-
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Specification

Clip duration
15 s
* susi080.m2v, available at ftp.tek.com/tv/test/streams/Element/MPEG-Video/625/

70

0
0

Parameter

■

the constant arrival rate of the compressed bitstream
at the input of PE1 shown in Figure 1; and
the number of bits per macroblock, which is variable
because of the VLD task.

Figure 5a shows the resulting function, x1(t). Similarly,
function C1(t), shown in Figure 5a, specifies the conIEEE Design & Test of Computers

No. of stream objects
(macroblocks × 103)

40
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20
β
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0.4

0.6

0.8

1.0

0.6

0.8

1.0

Time (s)
40

No. of stream objects
(audio frames)

sumption of the video stream by Vout. The value of this
function is 0 for the ﬁrst 0.34 seconds, corresponding to
an initial buffering delay. After this delay, the function
increases with a constant slope, representing a periodic
consumption pattern of 39,600 macroblocks per second.
(One macroblock corresponds to a 16 × 16 pixel block
in a frame; thus, one frame with resolution 704 × 576 pixels contains 1,584 macroblocks. Therefore, 25 frames per
second result in 39,600 macroblocks per second.)
The workload curves shown in Figure 5b capture the
total execution requirements of the IDCT and MC tasks
running on PE2. Rather than using a constant number,
we use the workload curves to capture the variation in
the total execution requirements of these two tasks. To
obtain these curves, we ﬁrst collected a trace of execution times for the pair of tasks. We then searched this
trace using time windows of different lengths (from 0 to
the length of the trace), and we identiﬁed the maximum
and minimum execution requirements occurring within each time window.
Functions x1(t) and C1(t), combined with the workload curves, completely specify the video stream. We
obtain the specification of the audio stream similarly.
Once such a specification of the streams is available,
designers can use our framework to evaluate any scheduler using the process in Figure 2 and without resorting
to further simulations.

30

20

10

0
(b)

0

0.2

0.4
Time (s)

Figure 6. Service requirements specified by service curve β
and the provided service specified by curve γ (σ) for the video
(a) and audio (b) streams. The upper and lower curves

Evaluating TDMA schedulers with different
periods

corresponding to γ (σ) lie completely between the upper and

Given functions x1, x2, C1, and C2 for the representative video and audio clips, Figure 6 shows the required
service curves, β1 and β2, for the video and audio
streams. These service curves represent the number of
stream objects that PE2 must process within any time
interval of a given length. The figure also shows the
offered service curves γ1l(σ1l) and γ1u(σ1u), and γ2l(σ2l)
and γ2u(σ2u). These service curves represent the number
of stream objects that PE2 will process using a TDMA
scheduler with a period of 2.5 × 106 processor cycles.
TDMA weights w1 and w2, associated with the two
streams, are 0.109 and 0.891. (Figure 4 shows service
curve σ1 in terms of the number of processor cycles.)
To validate our framework, we evaluated several different TDMA-based schedulers, having different values
of w1, w2, and P. Table 3 summarizes the results. For
each scheduler conﬁguration, the table shows

to a stream matches its requirements; hence, the scheduler

■

whether our framework evaluated the scheduler as
feasible or infeasible, and
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lower service curves, β. This implies that the service provided
satisfies all the buffer constraints. For an infeasible
scheduler, the resulting upper and lower curves of γ (σ) would
not completely lie between the upper and lower curves of β.

■

the corresponding simulation results that measure the
maximum and minimum buffer ﬁll levels (from which
we can identify buffer overﬂows and underﬂows).

To obtain these simulation results, we used a transaction-level model of the architecture written in SystemC
(http://www.systemc.org). The models of processors PE1
and PE2 are from a customized version of the
SimpleScalar instruction set simulator (http://www.
simplescalar.com); we used the simulator’s sim-proﬁle
conﬁguration. The PEs use the portable instruction set
architecture (PISA) with application-speciﬁc extensions
for MPEG-2 decoding and video processing. In the table,
the buffer backlogs are in number of macroblocks for
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Table 3. Results obtained with our framework compared to simulation results, for different conﬁgurations of a TDMA scheduler
implemented on PE2 of the architecture shown in Figure 1.
Buffer backlog (no. of macroblocks,
Scheduler parameters
Period (cycles)
1.0 × 106

2.5 × 106

7.0 × 106

for video; no. of frames, for audio)

Video weight

Audio weight

Schedulability test

B2

Bv

B3

Ba

0.109

0.891

Passed

3,610

2,437

2

2

0.115

0.885

Failed

2,844

3,299*

2

2

0.106

0.894

Failed

4,812*

1,979

2

3

0.109

0.891

Passed

3,736

2,559

2

2

0.115

0.885

Failed

2,966

3,402*

2

2

0.106

0.894

Failed

4,899*

2,110**

2

3

0.109

0.891

Failed

4,040*

2,540

2

2

0.115

0.885

Failed

3,292

3,300*

2

2

0.106

0.894

Failed

5,144*

2,023**

2

3

* Buffer overﬂow
** Buffer underﬂow

the video stream, and number of frames for the audio
stream.
From Table 3, it’s apparent that designing an appropriate scheduler can greatly inﬂuence a platform architecture’s on-chip buffer requirements. If the design
space is relatively large, especially for scheduling multiple PEs, resorting to purely simulation-based techniques is no longer feasible. Our framework can provide
systematic guidance in such cases.

2. S. Chakraborty, S. Künzli, and L. Thiele, “A General
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4. S. Dutta, R. Jensen, and A. Rieckmann, “Viper: A Multi-

WE BELIEVE OUR FRAMEWORK can also have applica-

tions in problems other than conventional processor
scheduling. One of the directions we are currently
exploring is extending this framework to analyze processor voltage and frequency-scheduling algorithms for
power-aware multimedia processing.
■
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