MERASA: MULTICORE EXECUTION OF
HARD REAL-TIME APPLICATIONS
SUPPORTING ANALYZABILITY

THE MERASA PROJECT AIMS TO ACHIEVE A BREAKTHROUGH IN HARDWARE DESIGN,

The Merasa Project
Barcelona Supercomputing
Center

Honeywell International
Rapita Systems
University of Augshurg
Université Paul Sabatier

HARD REAL-TIME SUPPORT IN SYSTEM SOFTWARE, AND WORST-CASE EXECUTION

TIME ANALYSIS TOOLS FOR EMBEDDED MULTICORE PROCESSORS. THE PROJECT FOCUSES

ON DEVELOPING MULTICORE PROCESSOR DESIGNS FOR HARD REAL-TIME EMBEDDED

SYSTEMS AND TECHNIQUES TO GUARANTEE THE ANALYZABILITY AND TIMING

PREDICTABILITY OF EVERY FEATURE PROVIDED BY THE PROCESSOR.

e o o o o o An increasing need for safety,
comfort, services, and lower emissions from
current and future automotive, aerospace,
and production equipment requires higher
performance than today’s embedded process-
ors can deliver. However, in developing
safety-related real-time embedded systems,
timing requirements must be met.

Multicore processors are the contemporary
solution used for improving performance with-
out increasing clock frequency. In embedded
systems, multicores allow execution of mixed-
criticality application workloads comprised
of hard real-time (HRT) and non-HRT
(NHRT) applications. This offers various bene-
fits, including improving reliability and reduc-
ing weight and cost through decreased package
count. However, mainstream multicores are
designed for high average performance, resulting
in nonanalyzable timing behavior (or extremely
pessimistic worst-case timing estimates) thatcan
render them unusable in the domain of safety-
related real-time embedded systems.
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Intertask (we use the terms “thread” and
“task” interchangeably) interferences are
the main difficulty in analyzing the timing
behavior of multicores. Intertask interfer-
ences appear when two or more tasks sharing
a given hardware resource try to access it at
the same time. To prevent conflicts, an arbi-
tration must select which task is granted ac-
cess to such shared resources. This can
delay the execution time of other tasks and
therefore increase their worst-case execution
times (WCETs). This makes a task’s
WCET dependent on a set of intertask inter-
ferences introduced by the concurrenty run-
ning tasks, which is undesirable because a
change in one task requires reanalysis of the
complete task set. Hence, a major objective
for the MERASA multicore architecture is to
make the analysis of each task independent
from the coscheduled tasks. Another objec-
tive is to design a multicore architecture
that allows safe and tight WCET estima-
tions. MERASA achieves both objectives by
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isolating task execution and bounding the ef-
fect on WCET estimations of intertask inter-
ferences in hardware and system software
when shared resources need to be accessed.
The MERASA project uses two types of
WCET tools: a static WCET tool (Open
Tool for Adaptive WCET Analyses
[OTawa]') and a measurement-based WCET
tool (RapiTime?). As part of the MERASA proj-
ect, we enhanced both tools and used them to
validate the hardware techniques proposed.
Moreover, we invested significant effort in
the interoperability of OTAawaA and RapiTime
and in crafting coding guidelines® for
WCET analyzability of applications. The
MERAsA project started in November 2007
and lasts 36 months. We structured the project
in three main phases, which correspond
roughly to a spiral development model:

e a design-space exploration phase using
a high-level multicore simulator,

e an architectural refinement phase based
on a detailed SystemC multicore simu-
lator, and

e field-programmable gate array (FPGA)
prototyping of the developed MERASA
multicore and pilot studies.

We investigate moderately scalable embedded
multicore architectures with up to 16 cores,
which are themselves single- or multi-
threaded by using simultaneous multi-
threading (SMT) techniques. The project’s
reference platform is Infineon Technologies’
TriCore architecture. However, the devel-
oped techniques are applicable to any
embedded processor.

Merasa project achievements

Along with our top-level objective to
provide a high-performance multicore de-
sign that allows bounded, tight WCET esti-
mates, we also aim to ease the WCET
analysis process. Even for multicore execut-
ing multiple HRT tasks, the WCET analy-
sis should be similar to the single-threaded
case. To that end, bounding task interfer-
ences is the key to providing a timing-ana-
lyzable system, which by design allows
tight WCET

Tasks can be isolated at the core level,

computing estimations.

whereas for shared resources (namely bus,
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shared cache, and main memory), bounding
of interferences is mandatory because such
resources cannot be isolated.

Merasa core

The general MErRASA multicore architec-
ture is based on SMT cores (see Figure 1)
and is capable of running a mixed applica-
tion workload, comprising both HRT and
NHRT threads. Each MErasa core” consists
of two pipelines—an integer and an address
pipeline—and implements the TriCore in-
struction set.” Each core provides up to
four thread slots (separate instruction win-
dows and register sets per thread), which
allow execution of one HRT and three
NHRT threads.

In the issue stage, thread scheduling is
performed by hardware that dispatches the
instructions from the different thread slots
by priority. The HRT thread, which is com-
pletely isolated from the other NHRT
threads running in the same core,® receives
the highest priority. To enable the isolation,
we implement multicycle instructions as
interruptible microcode sequences and split
memory read accesses into two phases (access
and write back). A prioritization privileges
the HRT thread in the fetch stage, the real-
time issue stage, and the intracore real-time
arbiter (see Figure 2). Consequently, the
core executes the HRT thread as if it were
the only running thread, so we can apply
common techniques for static WCET analy-
sis used for a single-threaded core.

We dedicate two local scratchpad mem-
ories to the HRT thread to reduce the
WCET for fetches and data accesses, be-
cause any memory access that is handled
locally does not use the bus and does not
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Figure 1. The general Merasa multicore architecture is a simultaneous multithreaded (SMT) core architecture with a five-
stage dual pipeline. It can execute both hard real-time (HRT) and non-HRT (NHRT) threads concurrently.
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suffer interthread interference. A dynamic
instruction scratchpad (D-ISP) loads the
complete code of an activated function dy-
namically on call and return. Furthermore,
we use a data scratchpad (DSP) for the
stack. Additionally, we provide data and
instruction caches for NRT threads (not
shown in Figure 1).

General Merasa multicore

Intertask interferences might appear in a
multicore when tasks try to simultaneously
access the same shared hardware resources.
The MERasA processor design (Figure 2)
takes intertask interference into account.
We propose a multicore architecture in
which the maximum waiting time for an
HRT task to get an access to a shared re-
source is bounded. Particularly, at the muld-
core level, we focus on three main shared
resources: the bus that connects cores to the
shared cache, the shared cache itself, and
the memory controller.

For the bus, we propose an interference-
aware bus arbiter that bounds the intertask
bus interference delays that HRT tasks
might suffer. Our proposal splits the bus ar-
biter into two hierarchical components®: an
which arbitrates
requests from different cores; and several

intercore bus arbiter,

intracore bus arbiters, one per core, that arbi-
trate among requests from the same core.

This design ensures that the delay a task
can suffer due to requests coming from
other tasks is bounded by a fixed amount
of time.

The shared cache can suffer from both
bank and storage interferences. To avoid
these interferences, we propose a dynamically
partitioned cache,® which assigns a private
subset of cache banks to each HRT task
such that no other task has access to it.
The operating system sets the cache partition
assigned to each core by modifying special
hardware registers. Moreover, we keep each
task’s data and instructions separate to pre-
vent additional interferences. Therefore,
each HRT task has access to its local D-
ISP and DSP, private instruction, and data
cache partitions, whereas NHRT tasks have
access to the first-level instruction, data
caches, and a private cache partition, which
works as a second-level cache that is shared
among all NHRT tasks.

Finally, we propose the analyzable real-
time memory controller (AMC),” designed to
minimize the impact of memory intertask
interferences on the WCET. AMC allows
analysis of such impact based on the generic
timing constraints that define the timing
behavior of the JEDEC-compliant DDRx
synchronous DRAM (SDRAM) memory
devices. This allows the effect of dif-
ferent DDRx SDRAM devices on WCET



estimations to be quantified so the designer
can choose the most suitable device from a
WCET estimation viewpoint rather than
based on the average case performance
(which usually occurs).

Merasa system software

The MERasA system-level software repre-
sents an abstraction layer between the appli-
and the embedded

hardware.'® It provides the basic functional-

cation  software
ities of a real-time operating system as a
foundation for application software running
on the MErasa processor. The challenge in
this software field is to guarantee the isola-
tion of memory and I/O resource accesses
of various HRT threads that are running
on different cores to avoid mutual and possi-
bly unpredictable interferences. This isola-
tion should also enable a tight WCET
analysis of application code. The resulting
system software executes HRT threads in
parallel on different cores of the MERasa
multicore processor.

To provide thread isolation, we apply a
hardware-based real-time scheduler imple-
mented in the real-time issue stage, and we
devise a thread control block (TCB) interface
for the system software. Hardware uses the
TCB interface to schedule a fixed number
of HRT threads (one per core) and an arbi-
trary number of NHRT threads into the
available hardware thread slots. Additionally,
a software scheduler complements the hard-

ware scheduling by optimizing the thread
scheduling.

WCET techniques and tools

We implemented support for the MERASA
architecture in OTAWA, using static analysis
techniques and in RapiTime, which is based
partly on measurements. Inputs to OTAWA in-
clude the application’s binary code and a de-
scription of flow facts (such as loop bounds)
determined from the source code by the
oRange tool."" OTAwA extracts the control
flow graph (CFG) from the binary code. Sev-
eral analysis steps, some of which we designed
to fit the components of the MERASA multi-
core architecture (D-ISP, DSP, the instruction
partition in the dynamically partitioned cache,
real-time bus, and analyzable real-time mem-
ory controller), successively annotate the CFG
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Figure 2. Block diagram showing the general

MEerasa multicore architec-

ture. The main blocks are the cores, the real-time capable bus, real-time
capable cache, real-time capable memory controller, and the synchronous

DRAM (SDRAM) memory device.

with information about the expected tim-
ings of instructions. OTAWA then derives
the execution time of basic blocks based
on parametrized execution graphs.'” From
these annotations, it builds and solves an in-
teger linear program to get the application’s
WCET."

The simulators and the FPGA prototype
record timing traces of instrumented HRT
thread execution on the MERASA multicore.
RapiTime uses the extracted traces to esti-
mate the WCET. Improvements to Rapi-
Time have let us reduce the amount of
instrumentation. The latest release can oper-
ate with zero-overhead instrumentation, thus
removing dependence on inserted output
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instructions and allowing more accurate
measurements.

We also developed coding guidelines to
support a WCET analysis and defined an
interchange format used for the interoper-
ability of the WCET tools based on a com-
mon definition of code units (basic blocks
and measured sequences). Expected improve-
ments to OTAWA from RapiTime outputs in-
clude the possibility of comparing models of
the target architecture to measurements and
the identification of areas in which static
analysis is too pessimistic. Conversely, out-
puts from OTAwA might provide proven
upper bounds to RapiTime, as well as indica-
tions on code areas that should be further
tested to improve WCET estimations. Be-
cause the MERASA architecture was changing
rapidly while we were exploring design param-
eters, we could use RapiTime to both quickly
assess the impact of modifications and verify
that the static model matches the design’s
final implementation. Please note that static
WCET analysis requires a model of the real
system, whereas measurement-based WCET
analysis operates on the real system.

Evaluations and pilot study

Because of the overall objectives of high
performance and a tight WCET computa-
tion, we focused our evaluations on WCET
computability and comparison of WCET
estimates of OTAwA and RapiTime. The
WCET results are critical for the MERASA
multicore evaluation. We used the simulator
results to investigate the tightness of the
WCET analysis. Because of space limita-
tions, we only include an extract of the eval-
uations here.

Detailed analysis of on-chip interferences

To the best of our knowledge, this is the
first time that researchers have compared the
estimations for a multicore by a static-analysis
tool (OTAwA) and a measurement-based tool
(RapiTime). For this kind of experiment, we
must use the same settings for the MERASA
multicore simulator and for the model of the
multicore processor used for the static
WCET analysis with Otawa. We use the mul-
ticore simulator to compute the maximum
observed execution times (MOETs) and ex-
tract data for the WCET estimations of

RapiTime. Moreover, to achieve the best code
coverage, we based the measured WCETs of
RapiTime on the execution of instrumented
benchmarks over several iterations.

For the evaluation of interferences on
shared resources, we propose using a multi-
programmed workload. We used bench-
marks from the EEMBC Autobench
benchmark suite as HRT tasks and Honey-
well International’s collision-avoidance algo-
rithm as a larger industrial application
benchmark. We performed this evaluation
on a cycle-accurate SystemC simulator in
which we have modeled the MERrAsA pro-
cessor and the effects of the real-time bus
and the D-ISP on WCET estimations. For
this experiment, we do not consider the dy-
namically partitioned cache and the first-
level caches. In particular, we model a
quad-core MERASA processor with 16 Kbytes
DSP and D-ISP. We use a round robin with
prioritization real-time bus policy® and five
cycles as memory latency for loading 64
bits of data, assuming a 200-MHz embedded
processor accessing SDRAM.

Table 1 shows the results of quantitative
evaluations for a selection of the EEMBC
automotive benchmarks and the collision-
avoidance application. To assess tightness
of WCET calculations, we normalize the
WCETs of RapiTime and OTawa to the
MOETs on the SystemC simulator.
The SystemC simulator takes into account
the maximum possible interference on
accessing shared resources. Each time a
thread accesses the memory, it is delayed
by an upper-bound delay. For RapiTime
estimates, a WCET computation mode in
the simulator performs this action.® The
RapiTime and Otawa WCET estimations
show a relative tightness of 1.04 to 2.83
compared to the MOETs. In other words,
the WCET estimations of both WCET
tools are close to the measured MOETSs
of the selected EEMBC benchmarks. How-
ever, the measured MOET values are for
given input data sets (that is, they do not
necessarily represent the longest path).
Thus, the difference between the MOETSs
and the RapiTime and Otawa WCETs is
not only caused by WCET overestimation
but also by WCET analysis, which considers
all possible paths. Although we can compute



Table 1. Results of EEMBC automotive benchmarks and the collision-avoidance application
with maximum possible interferences.
SystemC Normalized Normalized
simulator MOET measured WCET Code coverage (%) computed WCET
Benchmark (normalized) (RapiTime) (RapiTime) (OTawa)
Bitmnp 634,100 (1.0) 1.44 75.68 1.45
Canrdr 5,146 (1.0) 1.04 33.04 1.09
Puwmod 9,637 (1.0) 1.32 98.82 1.41
Rspeed 4,356 (1.0) 1.16 88.46 1.21
Ttsprk 78,048 (1.0) 261 90.59 283
Collision avoidance 20,623,985 (1.0) 2.50 98.80 2.83
tight WCET estimations with both WCET
tools, the collision-avoidance industrial ap-
plication is highly data dependent (that is, 2.4
it depends on the position and number of 22 e
obst;fz:les in the inp[zlt map). Thus, we over- g 20 /./
estimated OTAawA’s WCET estimations § 18 ]
(2.83), but were still close to the computed = . . . - e
measurement-based WCET (2.50). In con- g I
clusion, we can compute a tight WCET for z 14
benchmarks and industrial applications 1.2
i‘e‘;g;nvfitinbi‘; @;é;";ior:l:‘.l“core pro (a)1.o 128 Kbytes 64 Kbytes 32 Kbytes 16 Kbytes 8 Kbytes
Impact of intertask memory interferences M “— PRMC —s— AMC —&— MOET |
on WCET estimations I /
Figure 3 shows the RapiTime WCET 2.2
estimations for the Honeywell application = 20
considering the maximum delay it can suf- E 1.8
fer when running in concert with three é 16
(Figure 3a) and one (Figure 3b) memory-in- g 1.4
tensive applications. For these experiments, »
we consider a quad-core MERASA processor ' 3 M ‘/I;=;.
connected to a JEDEC-compliant 256 " Kbytes 64 Kbytes 32Kbytes 16 Kbytes 8 Kbytes
Mbyte x 16 DDR2-400 SDRAM device, (b)

with a CPU to SDRAM clock ratio of 4.
To do so, we activate the WCET computa-
tion mode® in the simulator when computing
the WCET estimation. We compute WCET
estimations under different scenarios:

e We assume a private DDR SDRAM
memory controller for each task, with
intertask interferences occurring only
in on-chip shared resources® (“PR
MC” in the figure), and

e We consider both on-chip and memory
interferences using AMC®  shared
among HRT tasks and controlling on-
chip resources (“AMC” in the figure).

Figure 3. Normalized WCET estimation for the Honeywell application when
using a JEDEC-compliant 256 Mbyte x 16 DDR2-400 SDRAM device:
Honeywell application running with three HRT tasks (a) and Honeywell

application running with one HRT task (b).

We also vary the private cache partition size
assigned to the Honeywell application
(from 128 to 8 Kbytes) to see how AMC
behaves as the pressure on the memory sys-
tem increases.

Moreover, to evaluate whether the WCET
estimations when using AMC are tight, we
also measure the MOET of the HRT task
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when running as part of a memory-intensive
workload composed of several instances of
the opponent benchmark. The opponent
benchmark is a memory-intensive synthetic
benchmark in which each instruction is a
store that systematically misses in the last-
level cache and, as a result, always accesses
the main memory.

As expected, memory interferences have a
significantly higher impact on the WCET es-
timation than on-chip interferences. Despite
the high impact of memory interferences,
AMC allows a tight WCET estimation.
When comparing the Honeywell applica-
tion’s MOET in the most memory-intensive
workload (that is, assigning a cache partition of
8 Kbytes and 3 HRT opponents [Figures 3a]
with its computed WCET estimation for
the corresponding workload), we observe
(with RapiTime) an increase of only 29 per-
cent (from 1.72 to 2.22). The curves are
steady between 128 Kbytes and 32 Kbytes
because the analyzed application’s data foot-
print fits in 32 Kbytes. The performance is
worse with a smaller cache, but assigning a
bigger cache partition does not provide any
performance benefit.

It is worth noting that the Honeywell
application’s WCET estimation is indepen-
dent of the context in which the application
runs. Using context-dependent information
in the computation would reduce upper-
bound delays, hence, achieving higher
WCET tightness. However, obtaining such
context-dependent information is costly,
and it would make the WCET of each ap-
plication context dependent.

FPGA and pilot studies

We performed a pilot study with Honey-
well International using a MERASA quad-core
processor implemented on an FPGA. To
yield chip space estimations for the FGPA im-
plementation, we estimated the hardware ef-
fort of different configurations of the MErAsa
multicore (that is, hardware requirements
and maximum frequency on the Altera
Stratix I EP2S180F1020C3 device).'* The
number of adaptive lookup tables (ALUTY)
and register bits grows nearly linearly with
the number of cores and hardware threads.
logic utilization [in %)

< (6 + (5 - slots)) - cores (1)

Equation 1 shows the relation between
the logic utilization of different multicore
configurations. Each thread slot requires
about 6,000 ALUTs and 2,000 registers
and the base processor adds about 9,000
ALUTs and 3,000 registers. The D-ISP
adds around 1,500 ALUTs and 700 registers
per core. Also, the maximum frequency
decreases when the number of thread slots
increases. The frequency decrease is not lin-
ear because a higher number of slots requires
a more complex scheduling logic. For the
pilot study, we implemented a MERASA
quad-core with two hardware thread slots,
DSP, D-ISP, and the real-time bus running
at around 25 MHz clock frequency.

Our pilot study implements a 3D path
planning algorithm on the MERASA multicore
FPGA prototype. This algorithm uses Lapla-
ce’s equation for airborne collision avoid-
ance. This technique constructs paths (),
through a 3D domain by assigning a poten-
tial value of () = 0 for 7 on any boundaries
or obstacles, and a potential of »(r) = —1 for
ron the goal region. The collision-avoidance
algorithm solves Laplace’s equation in the in-
terior of the 3D region, guaranteeing no
local minima in the domain’s interior, leav-
ing a global minimum of »(7) = —1 for
on the goal region, and global maxima of
¥(7) = 0 for r on any boundaries or obstacle.
We construct a path from any initial point
7 (0) to the goal by following the negative
gradient of the potential . The pilot study
shows the feasibility of the MERASA multicore
targeting an autonomously flying vehicle and
applying a 3D path planning algorithm
using a Laplacian’s solver.

The collision-avoidance algorithm gets its
inputs from a commercial flight controller
simulator used in the Honeywell Advanced
Technologies Laboratories. It returns the
estimated vehicle position and velocity vector
to the flight controller simulator that displays
the vehicle’s movement on a screen. We have
successfully demonstrated the single-threaded
version of the collision-avoidance algorithm
and will demonstrate a parallelized version
in the near future.

O ur current work focuses on additional
pilot studies with industrial applica-
tions from space and automotive domains



Related Work in Real-Time Capable Designs

The first hard real-time-capable multithreaded designs mainly used
scalar architectures. For example, the multithreaded Komodo processor
provides several hard real-time tasks by time-sharing within a constant
period of 100 cycles, but uses a special instruction set (Java byte code)
and assumes scratchpad memories.” Jamuth, a commercial derivate of
the Komodo processor, supports slower memories for soft real-time
tasks.?

Schoeber! provides a time-predictable computer architecture for real-
time systems that supports worst-case execution time (WCET) analysis
and evaluates it using the Java optimized processor (JOP), which is a
real-time Java processor.> For performance enhancements, Schoeber!
proposes a multicore system that features time-sliced arbitration of
the main memory access to enable analyzability.

The real-time virtual multiprocessor (RVMP)* issues multiple instruc-
tions from multiple tasks to multiple pipelines, but it assumes multiple
identical pipelines. Therefore, it can execute multiple hard real-time
tasks, but the throughput does not increase because other tasks cannot
use idle pipeline slots dynamically.

For a predictable execution of multiple tasks in parallel, Edwards and
Lee developed the concept of precision timed (PRET) machines.® This
approach uses a thread-interleaved pipeline to guarantee a precise tim-
ing without a loss of throughput, however a simplified WCET analysis
remains possible. If a thread is stalled, another thread cannot use the
cycle because the PRET architecture supports only precisely timed
hard real-time tasks. No other tasks with softer timing demands can
be executed to increase throughput.

Predator is another European Commission project reconciling effi-
ciency with predictability.® Its architectural approach uses analyzable
caches, a compiler-controlled memory management, and simple cores
with analyzable behavior. It uses predictable kernel mechanisms to
cover the main challenge for a real-time operating system, which is
the variability in task execution times caused by interference.

In the real-time operating system field, many commercial solutions
exist. Popular examples include the QNX Neutrino (http://www.gnx.
com/products) and the Enea OSE (http://www.enea.com), which recently
added support for multicore processors. However, our approach also fo-
cuses on timing analyzability. Moreover, our solutions work in concert
with the Merasa hardware scheduler, which guarantees an isolated ex-
ecution of hard real-time tasks.
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to further demonstrate the MERASA achieve-
ments. We also plan to evaluate the
scalability of MERAsA solutions for between
8 and 16 cores. The challenges for the last
year of the project focus on providing
analyzability for parallelized HRT tasks. In
this case, we must bound the interferences
between the threads of the same application.

To that end, we implemented the com-
monly used POSIX-compliant mechanisms
for thread synchronization, such as mutex,
conditional, and barrier variables, in a time-
bounded fashion. We have shown how to
compute the WCET for these functions.'’
Furthermore, we enhanced the memory con-
troller with a synchronization technique to
support the system software’s synchronization

functions. To enable the MERASA multicore to
execute multiple threads that might share
some resources, we introduced an atomic
read-write instruction for synchronization of
parallel HRT threads running on different
cores based on the atomic swap instruction
of the TriCore instruction set. We designed
our atomic read-write to be performed in
the same time as a usual burst access to mem-
ory. Thus, no additional latency is introduced
so it does not affect the overall WCET.
Open questions are the scalability of the
MERasA techniques above four cores, the ana-
lyzability support for parallel HRT tasks, and
a fair performance and WCET comparison
to standard multicores that do not feature

an HRT-capable design. HICRO
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