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Abstract. The computational demand of signal processing algorithms is rising
continuously. Heterogeneous embedded multiprocessor systems-on-chips are one
solution to tackle this demand. But to be able to take advantage of the benefits
of these systems, new strategies are required how to map applications to such
a system and how to evaluate the system’s performance at a very early design
stage. We will present a static, analytical, bottom-up methodology for temporal
and spatial mapping of applications to MP-SoCs based on packing. Furthermore
we will demonstrate how the result can be used for performance evaluation and
system improvement without the need for simulations.

1 Introduction

The computational demand of signal processing algorithms is rising continuously. Het-
erogeneous embedded systems-on-chip are one solution to tackle this demand. Though
ASIC centered single chip solutions are usually smaller and more energy efficient [1],
flexibility and reusability of MP-SoC components is comparatively higher. This is im-
portant especially in signal processing, since it enables to react to future changes in
signal processing algorithms or even to implement new algorithms without changing
the hardware. But to take advantage of this flexibility new strategies are required to
determine how to map applications to such a system and to evaluate the system’s per-
formance at a very early design stage.

We will present a static, analytical, bottom-up methodology for mapping applica-
tions spatial and temporal to a given architecture following the Y-Chart approach [2].
The basic idea of the Y-Chart approach is to model applications and architecture sep-
arately, to perform a mapping of application to architecture and to iterate over differ-
ent mappings, architectures and application descriptions until the desired architecture
and mapping is found. In our proposed methodology the iterations over different map-
pings is done automatically. Furthermore the resulting static mapping can be utilized
for performance evaluation and system improvement without the need for simulations.
For determining an initial system there already exist works (e.g. [3,4]) using linear or
multi-objective optimization (MOO). These can be used easily in interaction with our
method.

In this paper we will concentrate on mapping for minimal execution time, although
the methodology is not restricted to this. In a lot of signal processing applications we



have to face semi-hard real-time constraints. Thus, it is important to know in the first
place, if the chosen system can meet the given timing constraints. If not, the system
has to be modified. We think of this of a starting point for further optimizations, if the
timing requirements are met. This can be done by modifying some constraints and the
objective in our methodology, but also by applying other approaches, e.g. [5-8].

We rejected the use of MOO in the first performance evaluation step, because there
are two major downsides. Firstly, MOO produces a set of pareto-optimal solutions, from
which the preferred one has to be chosen manually. Secondly, the existence of more
than one solution prevents solvers from efficiently making use of branch&bound or
equivalent techniques. Thus, relevant details usually have to be neglected in the model
to get acceptable solving times. The result of these methods has to be checked with
simulations afterwards [3].

2 Methodology

In this section we will give a short overview of the setup of our methodology followed
by a more detailed description, how the mapping problem can be regarded as and solved
via solving packing problems.

But first we want to give a short description about the methodology we used for
modeling applications and architectures. For modeling there is a variety of languages,
which can roughly be divided into process-network based and control & data-flow graph
(CDFG) based approaches. We have chosen a CDFG based kind of view, because in
comparison to process networks the complete parallelism of the application is exposed
explicitly. We use YML [9], which was designed to deal with Kahn-Process-Networks
derived from Compaan [10], but is suitable for CDFGs as well. Another advantage of
YML is, that it can be used to model the architecture as well in the same way.

As mentioned, our methodology is a single objective, bottom-up, analytical ap-
proach. We favored an analytical over a simulation based approach, because in this
way each corner-case does not have to be identified and simulated individually, but is
considered within the model. However, this — as well as the fact that our methodol-
ogy is static — limits our approach to applications that can be scheduled statically. The
methodology is designed bottom-up due to fact, that implementation and performance
figures are available usually at very low abstraction levels — or at least can be estimated
more precise. Multiple abstraction levels are included by finding mappings on the low-
est abstraction levels, inserting the gained results into higher abstraction levels and in
this way reaching the top-level step-by-step.

To find a mapping and evaluate the performance of the given system, we propose
the methodology depicted in Fig. 1. First we do a fast optimization to check, if the
chosen system can meet the required timing constraints without resource constraints.
This problem can be solved exact in polynomial time for example via shortest path
algorithms from the field of graph theory. Since the algorithms are well-known, we
neglect the details in this paper.

If the timing constraints can be met disregarding resource constraints, we perform
a 3-step mapping algorithm, which is described in detail in the following subsections.
The three steps can be seen as a stepwise refinement of the mapping. After each step
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Fig. 1. Block diagram of the presented methodology and the possible steps beyond

the mapping process is stopped, if the timing constraints cannot be met. In the first
step the tasks are mapped onto the system. Second, the variables are mapped to suitable
memories of the system and memory addresses. This step also determines, if the chosen
memory capacity is sufficient. After that transfers are taken care of.

We are aware of the fact, that there have been efforts treating individual phases —
just to name [11, 12] as prominent examples. Our approach differs in putting all of these
problems down to the class of packing problems. Another advantage esp. in memory
allocation is the fact, that not two, but an arbitrary number of memories can be handled
simultaneously. In addition, we keep the graph structure of the application throughout
the whole mapping process, which can be useful for further optimizations.

After the 3-step mapping algorithm an optional refinement step can be performed,
which breaks up the graph structure. If the timing constraints can be met, further opti-
mizations can be executed utilizing the results of the mapping result.

2.1 Mapping Tasks & Transfers

The problem of mapping tasks temporal and spatial can be interpreted as 2-dimensional
strip-packing problem [13]. In strip-packing, boxes of fixed length and width have to
be arranged into a strip of fixed width in such a manner, that total height is minimized.
Figure 2 illustrates the application of packing to mapping tasks.

Applied to mapping tasks the boxes to be packed represent the tasks. The length of
these boxes is defined by the execution time of the tasks. The width of the strip is the
total execution time and height represents the available processing elements in discrete
unified steps. Thus, not the height but the width of the strip w™" is minimized, when
optimization of total execution time is desired.
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Fig. 2. Application of packing to mapping tasks

Let P; be the set of processors capable of processing task i and y;; := 1, if task i
is mapped to processor k. First, we have to ensure that each task i is mapped onto a
processor k capable of processing this task. This is done by (1).
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Let x; be the starting time of task i. Since the run-time of task i is dependent on the
processor it is mapped to, execution time can be expressed as Y, W; ry; ¢ (with W;; :=
execution time of task i on processor k). Thus, (2) guarantees that all tasks are finished
before total execution time w™™ and (3) that precedence constraints are met. Note that
(3) is a restriction of valid positions for the boxes in packing terms, which is not given
in regular packing problems. This property reduces the solution space and speeds up
solution time. The solution space can be reduced even more by considering ALAP and
ASAP times for the tasks, which we did not implement yet.
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Next, we have to obey machine restrictions. Let be i, j tasks and k,/ the indices of
the assigned processors. Let be u; j := 1, if k </, and b; j := 1, if i is executed before
task j (O otherwise). Since DSPs and ASICs usually do not support multi-threading,
tasks cannot be executed in parallel on the same processor. Equations (4) — (8) provide
this non-overlapping in packing terms and are stated for each interfering task-pair (i, ;)
with P;N P; # 0. In this context two tasks do not interfere, if there exists a path between
i and j in the CDFG or if they are belonging to different case-blocks of a switch-case-
construct. In the latter case, the tasks may be mapped onto the same processor at the
same time, because only one of the tasks will be executed in reality. By including this
property into our methodology, each possible branch that can be realized in the CDFG
is considered automatically.
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Note, that not run-time but the earliest starting time of the next task on the same pro-
cessor is relevant to ensure a valid temporal mapping. The earliest starting time for
subsequent tasks after the start of task i on processor k is denoted by Wl’ - Constants
WM =¥, Wi and H™* := ||J; P;| make sure, that (4) and (5) are redundant with
xj > 0and Y, kyjx = 0in case of b; j = 0 and u; j = 0, respectively.

Finally we need an objective that minimizes total execution time w™". The sum term
in (9) (with A := adjacency matrix) additionally minimizes the time between two ad-
jacent tasks and therefore liveness of variables. The objective can be refined by adding
additional terms, e.g. trying to put adjacent tasks onto the same processor for reducing

needed transfers.
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For mapping transfers, the same methodology can be applied, because the transfers
have to be performed by some components of the system. But since the components
involved in these transfers are determined by the memory allocation, this has to be done
after the mapping of variables and cannot be integrated into the mapping of tasks.

2.2 Mapping Variables

The results of the task mapping are now used for mapping variables. Since the set of
valid memories depends on the processor, the related task is mapped to, the mapping of
variables has to take place after the tasks are mapped.

Mapping variables in heterogeneous MP-SoCs is similar to register allocation in
compiler construction. A well known solution for this problem is Chaitin’s graph color-
ing algorithm [12]. But in opposite to register allocation there are usually more than the
two memories (register and global memory) in MP-SoCs, like local, shared and global
memories or vector and scalar memories. Thus not each memory is suitable for storing
a variable. But the concept of interference can be utilized and extended.

In our methodology two variables interfere, if they can share the same memory and
can be live simultaneously. Since we keep the graph structure throughout the whole
mapping process instead of looking at sequential code, the possibility rather than the
fact of being live simultaneously is important.

The problem of mapping variables can now be seen as shelf-packing problem as
follows: Each shelf represents a memory k of the system, whose height is defined by
the capacity Ci. The variables i to be mapped represent the boxes to be packed into the
shelves, whose heights #; matches the size of the variables.

Let M; be the set of memories suitable for storing variable i and x; ; := 1, if variable
i is stored in memory k (0 otherwise). First, we have to select a valid memory (shelf)
for each variable (10).
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Let y; be the starting address of variable i in the memory. Eq. (11) takes care, that
the variable is stored in a valid memory address.
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Let HY™ be the shelf height of memory k and H™* > max; {H?™' + C;} a con-
stant denoting the height of the rack. To make certain that two variables are not stored
in the same memory at the same address, we introduce non-overlapping constraints (12)
& (13) for all interfering variables i, j.
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Since each memory k has different access times denoted by Wy, we minimize not
only needed memory resources, but also force the allocation of variables into fast mem-
ories. This is done by (15), where the required resource amounts for memory k are

min

denoted with y;™" and constraint by (14).
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3 Results

In this section we will apply the proposed method to a case study. For the case study we
considered a processor core [14] based on Synchronous Transfer Architecture (STA) as
a MP-SoC. The intermediate representations our test bench applications generated by
the MOUSE [15] compiler front-end served as sample applications.

STA is the concept of loosely coupled functional units and different memory types
connected by an interconnection network. Thus, these functional units can be consid-
ered as processors in the MP-SoC. In our case study we selected a STA core with 21
functional units. As an important property for legitimating this architecture for the MP-
SoC case study there are some operations that have to be executed on a dedicated func-
tional unit of the architecture and some operations, that can be mapped to an element
of a subset of functional units of the STA core. In addition, each of these units has out-
put registers. This characteristic is used to model the behavior of keeping data in local
memory as rather than having to write it back to shared or global memory.

The advantage of this abstract example is, that we have on the one hand well-known
execution times for the instructions and on the other hand a set of test benches, that suit
as complex examples (up to 135 nodes per basic block) to demonstrate the potentials
and limits of our methodology.



3.1 Results for Mapping Tasks

After transferring the STA core as well as the applications into our internal YML-based
data structure, we applied the methodology described in Sect. 2 to our test benches.
We compared the performance of our methodology with the results from our compiler
and the theoretic minimum which is defined as the minimal number of VLIWSs required
without resource constraints. Figure 3 shows an improvement of about 75% in aver-
age compared to the existing MOUSE compiler. But even more important is the com-
parision with the theoretic optimum without resource constraints on the same kind of
architecture. As Fig. 3 shows, we are within a factor of 1.45 of this minimun in average.
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Fig. 3. Comparison of the quality of the task mapping methodology with the MOUSE Compiler
and the theoretic min without resource constraints

Solving was done by passing the problem to CPLEX 10.1. Although it was not
possible to compute the optimal mapping in acceptable time for applications with a
large number of nodes, first solutions were found fast. Therefore we implemented a time
limit for finding a better solution of 10 seconds after an improvement of a solution was
found. To get an indicator about the quality of these solutions, we ran the CPLEX solver
for one block of an application for more than six hours, which showed improvement of
about 10% over the solution found after less than a minute.

Figure 4 shows the times required for mapping tasks. We think the denoted running
times up to 250 sec. are worth to be spend at an early design stage, since no additional
simulations are required. Moreover, note that the solving time can be accelerated by
reducing the time specified for finding a better solution during progress.

3.2 Results for Mapping Variables

We applied the shelf-packing methodology for mapping variables to the test benches.
As mentioned, the functional units can hold data in their output registers, which is used
in the case study for modeling the behavior of keeping data in local memory as rather
than having to write it back to shared or global memory. The results of our methodology
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Fig. 4. Number of blocks and instructions to be mapped and the resulting solving times

applied to the test benches showed that this is an important property to be considered
in the mapping process. It significantly reduced not only required memory resources to
10% in average but also communication overhead.

3.3 Utilizing Results for Performance Evaluation and System Refinement

As mentioned in Sect. 1, the methodology is designed for performance analysis of an
existing MP-SoC in the first place. But the results can be utilized to guide the designer
in the process of modifying the system to improve metrics as performance, for example.
Since we have a static mapping, we can derive some performance figures like processor
loads or memory requirements very easily. Figure 5 shows, that the load of the decoder
is very high in comparison to the other functional units.
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Fig. 5. Load analysis of the task mapping result for all test benches



Thus, we modeled a system with two decoders and did the mapping for this modified
system. Figure 6 shows the improvement compared to the original system. With this
quite simple analysis of the loads of the functional units and the derived modification
of the system we were able to reduce the gap between the theoretic minimum without
resource constraints and our mapping result from about 45% to under 20%.
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Fig. 6. Improvement gained by adding a second decoder unit to the given architecture as result of
the load analysis

4 Conclusion

We have shown that mapping of applications to a given heterogeneous MP-SoC can
be regarded as packing problem. These packing problems can be solved efficiently by
existing optimization software. Furthermore the results of our static, analytical method-
ology can be utilized to guide the system designer, how to refine the given system.
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