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Abstract— New tendencies in the consumer electronics market present compromise the chip reliability [23] With these schema, ragign

Multi-Processor Systems-On-Chip (MPSoCs) as a promising ofution

for meeting the processing demands of upcoming generationsf user
applications. MPSoCs are complex to design, as they must exdge
multiple applications (real-time video processing, 3D gams), while meet-
ing additional design constraints (energy consumption, the-to-market).
When an integrated system is built for a certain MPSoC, the dfnition

of an appropriate floorplan is a very complex task for system itegration

designers. In fact, deciding a suitable placement of each dtk in the
MPSoC architecture requires taking into account multiple @nstraints
(e.g., power, energy, performance, etc) with values that ar specific for
each design. Recently, due to the increasing temperature iMPSoCs,
thermal behavior has become another key factor to define thelpcement
of each block of the design. In this context, we show how desigrs
will benefit from applying our FPGA-based Emulation Framework to

the MPSoC design cycle. Starting with a set of constrains (prmance,

latency...) and the HW elements of the system, with the helpfoour

exploration tool, the thermal behaviour of different floorplan alternatives
can be profiled at an early stage of the development cycle. It il also
guide the designer in selecting the right packaging solutio for the final

chip, minimizing the cost without compromising the chip relability. Our

platform enables thermal monitorization of the final (real) applications
over the different architectures, at speeds very close to & time, as
opposed to SW simulators.

. INTRODUCTION

constrains need to be taken into account. Temperature isanoajor
concern. In the past, thermal problems were solved out bydwing
the packaging solution, but now, designing a chip for thesearase
scenario often makes the final product prohibitibely expensand
sometimes not even possible to manufacture (due to spastraios
in the embedded systems). Recent studies have demongtrategh
intelligent placement of cores can reduce the thermal gradif the
chip, therefore improving the system robustness and ibtial¥ his

is an interesting research line in future MPSoCs, catatberature-
aware placement [25], [26], [30]. In this case, the temperature
issues are addressed at design-time to ensure that cidogksb
are placed in such a way that they even out the thermal profile.
Also, by adding techniques (SW- or HW- based) for limiting th
maximum allowable temperature (dynamic thermal managémea
can reduce the packaging cost as well. In both cases, designe
need from exhaustive system profiling to discover the besletr
off: performance vs peak temperature or cost. Of coursdy dasign
is different, so the goals are not always the same. Sometinsze
is a need for performance at no matter what cost, while inhamot
situation, the designer may be looking for the cheapest ¢dhéphigest
power-efficiency or the most reliable design. Therefores ohtheir

The increasing complexity of recent SoC designs has ddfinitemain design challenges is the fast exploration of multimedware

modified the clasic design cycle. Due to the time-to-marketdr,

(HW) and software (SW) implementation alternatives with accurate

it is not possible anymore to build these systems from seratestimations of performance, energy, power and temperatutene
Multi-Processor Systems-on-Chip (MPSoCs) have been proposed asthe MPSoC architecture in an early stage of the design psodas

a promising solution for this context, since they are sirdigp
architectures consisting of complex integrated compan@RtCores)
communicating with each other at very high speeds [16]. Tdmeept
of IP-Cores seems to have relieved designers from dealitiy tive
low level implementation details, (every core is indeperidend
tipically it has been verified by third party manufacturets)theory,
designing is just a matter of putting together differentchkk and
interconnecting them, thus, rising the abstraction leMelertheless,

our previous work we have developed a cycle-accurate HW ationl
platform [3], which can obtain detailed reports of the thatfeatures
of MPSoCs.

In this paper, we explore the design space of different flaorand
packaging alternatives for latest MPSoCs. We use as cadiestuwo
real-life MPSoC architectures and their associated aggidins. In
the first set of experiments, we compare three different hiputs.
The chip funtionality is the same in these three cases, bat fhe

in practice, some new challenges make even more necessary tthermal point of view, they show different behaviours. Henas the

ever the need to be aware of the physical aspects of the désitm
take a look at the insides of today’s chips: Several on-chigks:
With the scaling of the technology, It is not possible to gotlee
whole die with only one clock source. Related logic must teced
together sharing the same clock. Synchronization methegs ko
be implemented among different clock domains. Bandwidtericy
requirements: Bus contention problems create the needofaplex
interconnection schemes (Networks-on-Chip).

cost is alike, our exploration guides the designer to sdleetone
with the best thermal properties. In the second set of exjenis,
both the chip functionality and the floorplan remain unaterbut
we vary the packaging technology of the final chip. In thisecase
explore the benefits and drawbacks of employing differehitiems
within the range of low-cost SoCs to high-performance sohst. Our
results show that different trade-offs exist for the desigretween the
different packaging options according to the desired parémce and

The logic density of this kind of designs coupled with vergtemperature-rise tolerance. Furthermore, the possildl#iad of on-

demanding SW applications can lead to generation of hosspat
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SoC creates an additional degree of freedom to take intouatco
when the packaging option is selected

The remainder of the paper is organized as follows. In Sedtio
we overview related work on MPSoC modeling, testing andntiadr
aware design. In Section Ill, we present the FPGA-based atranl
framework and explain how it works. In Section IV we detaiéth
setup for the presented set of experiments. Next, in Sedtiave
show in detail the experiments performed, together withaihimined
results, illustrating the speed and versatility of our theremulation
tool for MPSoC designers. Finally, we draw our conclusionsl a
dedicate some lines to possible future work in Section VI.

Il. RELATED WORK

The future of the embedded systems envisages MPSoCs a. ..

promising solution for the consumer electronics market ].[2&-
cording to this, research efforts for improving the tasksnafdeling
and prototyping MPSoC designs are in great need.

One of the biggest problems when exploring the MPSoC desi
space is that the evaluation of each of the implementatimnreltives
(e.g. selecting the appropriate placement of all the cor@e®ds a
considerably amount of time. The most common exploratiothotk
is the use of SW simulators that only achive a few Khz's wheedus
for accurate profiling. A typical workaround to solve thisug is to
use models with higher abstraction levels that, althoughdbfaster
alternatives, have the disadvantage of the loss of accufeagure
that makes them bad candidates for exploring thermal ptieger
Another way to tackle the problem is the use of HW prototypin
environments, faster than SW simulators, but in this casey are
tipically very expensive, and not flexible enough. At soménpin
between these two options is HW emulation, i.e. Zebu-XL [B&],

[21], System Explore [1]. In [3] it has been presented a HW-S\P

emulation framework that offers the necessary accuraaidewhile
running at Mhz speeds.

SW Applications
Emulated System

! /
( Monitor FPGA

F 3

HW Architecture

i

Run-Time
Statistics

Thermal Properties
= = / of the Packaging
[ege=eaaaaer
4—] Technology libraries |

Fig. 1. Overview of the emulation framework
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n
?arget architecture is mapped inside the FPGA, togethen thie

statistics extraction system, a completely transparesineht that
continuously monitors the emulation, logs the requirearimfation,

and periodically sends it to the host pc. Inside the computes

data is input to a SW thermal library that receives activitglicator

values and outputs temperatures. These temperatures arefeti

back into the FPGA and written to our artificial temperatuzasors,
that can be accessed from the emulated system, thus cowgvérti
Hﬂo a thermal-aware platform. This very important feataitews the

System to trigger dynamic frequency scaling mechanismsratime,

based on the stimated on-chip temperature. In fact, a siDpi®

mechanism based on previous works is presented in our expeis

illustrate the flexibility of the proposed HW-SW FPGA-kds
framework to interact with the SW part and to explore in riale

different temperature-management policies.

In this paper we compare the performance of our emulationBY USing our tool, designers are able to tune their appboati
results with the MPARM SW simulator. The MPARM Systemcl© meet not only the performance constrains, but also themtie

framework [4] is a complete simulator for system-explamtilt can
extract reliable energy and performance figures. As moshes$d
tools, its major shortcoming is its simulation speed (120zKH a
P-1V at 2.8 GHz).

Regarding thermal modeling, several thermal/power modets
being developed for predicting on-chip temperatures [ZBE main
conclusion is that in forthcoming generations of embeddestesns,
thermal issues will gain more importance. To be noted thay th
already limit/reduce performance and affect leakage paieurrent
designs. Using these thermal modeling tools, researcherstarting
to propose different design solutions to overcome on-ahigperature
problems. Severddynamic Thermal Management (DTM) techniques
have been suggested for processors using both architecnlmg-
tation (e.g.,Dynamic Voltage Scaling (DVS), Dynamic Frequency

limitations given by the selected packaging solution. GnHW part,
the designer can experiment with diffent floorplan confijores (cal-
culated automatically or by hand), as well as modify the pgakg
of the chip, (depending, of course, on the budget limitajon
Regarding the SW thermal library, we consider MPSoCs HW that
are made of silicon die wrapped into a package placed Brirged
Circuit Board (PCB), with a variable cost (from low-cost to high-cost
packaging, shown in Section V). In this case, see Figure&htat
flow starts from the bottom surface of the die and goes up to the
silicon, passes through the heat spreader and ends at tinerenent
interface, where the heat is spread by natural convectiBh or
modeling the heat flow, we rely on an electrical RC model (see
[3]) that splits the floorplan into small cells, each of thenegents
its resistance to the flowing current. This analogy mimics way

Scaling (DFS), fetch-toggling, throttling, and speculation controljthe heat transfers occur. Currently, we can analyze 2 secofhd

and profiling-based techniques (e.g. those based on feedime
trol theory). Since these countermeasures typically deseresystem
performance, they are usually triggered when the powerwopton
of a processor crosses a predetermined threshold (e.g sohédule
hot tasks when the temperature reaches a critical leve),[81]its
workload decreases.

I11. OVERVIEW OF THEMPSOC EMULATION FRAMEWORK

simulation (in a 660-cell floorplan), in 1.65 seconds on a®R-3GHz,
which is fast enough to interact in real-time with our FPGaséd
MPSoC emulation. On the other hand, we have cross-checked ou
results by including in our tool the possibility to use the tsfmt
v3.0 thermal model [23].

In order to perform all the temperature calculations, therrtal
library needs to know some architectural parameters at demp
time (size and placement of all the components of the system

As presented in [3], our emulation platform is composed df.e., floorplan layout), technology and packaging infotiowd), as

different parts. Physically, it is an FPGA connected to athms well as some others needed at run-time (current frequenaheof
through an ethernet cable. A system that emulates the dmkiguifferent parts of the system, number of accesses to theimess
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2) SW Driver: As SW driver for this MPSoC design, we defined
a benchmark (Matrix-TM) that keeps the workload of the pssces
close to 100% all the time, pushing the MPSoC to its procgssin
power limits to observe effects in temperature. This berafim
implements a pipeline of 100K matrix multiplications kelsxeEach
processor executes a matrix multiplication between antinpatrix
and a private operand matrix, then feeds its output to thiddy
following processor. The platform receives a continuous té input
Fig. 3. Overview HW architecture of emulated MPSoCs matrices and produces a continuous flow of output matricesryE
core follows a fixed execution pattern: (i) copy of an inputtrixa
from the shared memory to its private memory; (ii) multiplion of

Private
Memory Shared
3 Memory

bus congestion). the new matrix with a matrix already stored in the private ragm
(i) copy of the resulting matrix back to the shared memd&@wuring
IV. MPSOC REAL-LIFE CASE STUDIES the whole execution, interrupt and/or semaphore slaveg)aeeied

) ) L to keep synchronization, creating an important amount afi¢r to
Our experiments include the application of the presentaché- the memories

work to test a run-time DFS mechanism for one complex MPSoC

case study based on ARM-7 cores (Section V), and with diftere V. EXPERIMENTAL RESULTS
thermal-aware floorplan solutions (Section V-A) and vasipackag- A. Floorplan selection exploration in MPSoCs
ing techniques (Section V-B).

1) HW Architecture: As explained in Section V, we evaluate
three different floorplans for a real-life MPSoC example e Tirst
of them (Figure 4) has been manually designed, while ther diin,
(Figure 5(a)) and (Figure 5(b)), have been automaticallyeggted
by a placing tool. An schematical overview of the common lase
HW architecture of the emulated MPSoCs is depicted in Figure
consists of three main elements:

When an integrated system is built for a certain MPSoC, the
definition of an appropriate floorplan is a very complex taek f
system integration designers. In fact, deciding a suitpldeement
of each block in the MPSoC architecture requires taking agoount
multiple constraints (e.g., power, energy, performande) &ith
values that are specific for each design. Recently, due tatheasing
temperature in MPSoCs, thermal behavior has become ankgiyer
) ) factor to define the placement of each block of the design, [25].
1) 4 processing ARM7 cores running at 100 MHz or 500 MHZy, this set of experiments, we have used our tool to evaluaeet
0.13 um technology. different chip layouts: one baseline floorplan (Figure 4)d @wo

2) The definition of configurable |- and D-cache, as well agqgitional floorplans (Figure 5) (all of them are thermabas). The
main memories (i.e., private and shared memories betwegftia| case study is composed of four processing cores ao6-N
processors).. ) based interconnect working at 500 MHz (see Figure 4). The firs

3) Interconnection mechanisms (buses and NoCs) between K@ mative floorplan scatters the processing cores indheecs of the

different levels of the memory hierarchy (caches and maighip (Figure 5(a)), while in the second one all the cores hretered
memories). Thg interconnect is clocked at the same freque%gether in the center of the chip (Figure 5(b)). We assurhedse
that the cores in each case. of a low-cost packaging solution in all the cases (40K/W, Seetion

The cell sizes (for the SW library) used in all cases H@um « VI ).
150um. We assume that the power is uniformly burned in this region, The results are shown in Figure 6. In this case we can obskate t
which represents 1/8th of the size of an ARM processor in 0.1Be best floorplan to minimize temperature (15% less heatpagd
wm. For technologies with a worse thermal conductance, such as average than the initial floorplan of Figure 4) was achdewith
fully depleted silicon-on-insulator [24], it is possible tise smaller the placement technique that tries to assign the processieg to the
thermal cells (down to the level of standard cells). Of ceurd| the corners of the layout (labelled axat t er ed in Figure 6). Hence,
necessary HW sniffers [3] as well as the emulation mechahave this solution is the best out of the three thermal-aware guteemnt
been instantiated and connected to conform the overaksyst options because it delays the most the need to apply theabiail
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TM at 500 MHz with DFS on

DFS mechanism in Figure 6, although its interconnects éxpee

more heating effects due to the longer and more conflicting: co

nection paths between components, which can originate Mof@ - e ] VAT

congestion effects. Then, the solution that tries to platethe 1 '

processing cores in the center of the chip (labellealasst er ed

in Figure 6) shows the worst thermal behavior, but just shgh

worst in temperature (5% on average) than the original mant

placement of cores used for this MPSoC design, while theydeta . % MR AT RO WAV AN WA A
300

500 4

400 ~ -
-
Z00M _ ~~
’/

-

Temperature (Kelvin)

the interconnections between cores are minimal for the dordue
to their closest locations in the floorplan (see Figure 5(Bje main . 3 o " 0
conclusion from this study is that a more aggresive tempegaware Himeilsscans)

placement must be applied (e.g., placement of cores sedtierthe = B s e
corners of the chip) to justify the placement of cores afertried in
the original manual design, to compensate for the heatifegtsfon
the chip due to longer interconnects. Otherwise, the plesginalty
for long interconnects may not be justified in the end sincaifotm
distribution of power sources does not need to lead to a umifo ) o )
temperature on the die. Moreover, these results clearljneuthe Was not applied, which is lower than the case of low-cost agirg
importance for designers of tools to explore the specifiorttaé (40K/W) that reached a temperature of more than 500 degrefnk
behavior of each design, and to select the most appropiaterpent However, the thermal behavior of the standard packagingsys/as

in an early stage of the integration flow. Note that in the figithas similar to the low-cost solution (only its starting point svalightly
also been included a series of data labeled as "MPARM”. Wee haghifted to the right due to the less steep temperature riseefu
assessed the performance and flexibility of the proposedations When the threshold-based DTM strategy was applied (As veder
framework in comparison with the MPARM framework [4] and itsn the figures, the temperature threshold was fixed at 250edegr
internal SW thermal library. As explained, this is a clasianly Kelvin. Each time a part of the system reaches this temperagn
SW) architecture simulator that lacks from the speed up aflation. @utomatic response is triggered, that reduces the runneggiéncy
The small circle around the origin represents the simuléitad for from 500 MHz to 100 MHz). Therefore, in this case, with this
MPARM when the emulation finished (In our experiments MPARMNreshold value, no significant |mprovement_s were obtaimitd the

is executed on a P-IV at 3.0 GHz with 1 GByte SDRAM and runningtandard package, and the low-cost solution would be isfer

T
25

Fig. 7. Thermal behavior for an MPSoC floorplan using lowtcetandard
and high-cost packaging solutions

GNUI/Linux 2.6). selected for this design using DTM. However, in the case etilgh-

] ) ) ~ cost packaging solution (for 5K/W), the system showed a detaly

E- Effect of different packaging technologies and SV thermal li-  gifferent temperature behavior, where the chip never weyobd
raries

325 degrees Kelvin. Therefore, this packaging solutiorate® a
In this final set of experiments we have tested different pgelg much lower thermal stress in the overall MPSoC implemeuntati
solutions and compared them with the thermal behavior ofladhe and it does not require the application of DFS because thigrdes

cost value of 40K/W initially considered for our initial erence never reaches a temperature above the 350-degree-Kebgishtid.

of MPSoC floorplan with four RISC-32 processing cores wagkinAs a result, this solution could significantly increase thxpested

at 500 MHz and NoC interconnect (Figure 4). We simulated thimean-time-to-failure of the component and be interestiighly

floorplan with two additional values, namely, 12K/W in thesea reliable versions of this MPSoC chip design. However, nb this

of standard packaging [27] and 5K/W in the case of high-cost atype of package has the important drawback of the high cast fo

high-performance embedded processors [28]. The resukined are the manufacturer of the final embedded system, namely, api®

shown in Figure 7. to 12x more than standard package solutions and more than 20
As this figure shows, in the case of the standard packagingieo] the low-cost package solution [29]; Thus, it can seriouslgréase

the MPSoC design required more time to heat up and it reachedha price of the final product and developers would like toicvo

maximum value of 360 degrees Kelvin when the DFS mechanidinif possible. Hence, this type of experiments and the presk
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framework can be a very powerful tool for designers to dewitiech  but will gain importance in future SoCs generations. Sinee axe
type of packaging technique would be enough for a specifiofet emulating, no modification would be necessary into the VHDHe

constraints in forthcoming generations of MPSoC designs.

describing the HW system. Only the SW thermal library needset

Finally, we performed the same set of emulation experimentsodified to support the modeling of this kind of layouts.

replacing our library with the well-known Hotspot v3.0 theal
library [23], configuring it with the same packaging optiopee-
viously tested. The results of this additional set of expernts
shown a very similar thermal behavior with this second RGCrita
library in comparison to our own library in the case of higist
packaging (less than 3 degrees Kelvin of difference), whickhe
original target of the Hotspot library. Then, in the case afcost
and standard packaging, variations that range betweendedfees
Kelvin have been observed. The origin of these variatiomsecrom
the non-linear dependency factor of silicon thermal cotiditig with
respect to the actual temperature in the die, which is iredud our
own library, but is not modeled in the Hotspot library. In tfaour
results indicate that this non-linear part of the thermalatipns is
particularly important when the temperature rises beyd@@degrees
Kelvin in the case of low-cost packaging solutions, and seedbe
considered at each moment of the emulation to get accuratemh
measurements for this type of MPSoC packaging technology.

VI. CONCLUSIONS ANDFUTURE WORK

Future consumer devices based on MPSoC architectures Wil]

contain a really large amount of transistors thanks to nzales
technologies, but will be very complex to design as they remstute
multiple complex real-time applications (e.g., video @s&ing or
3D games), while meeting several additional design coinssrée.g.,

energy consumption or short time-to-market). Moreoveg, ttise of

temperature in the die for on-chip components can serioafgct

performance and reliability of final MPSoC designs.

heating effects on MPSoCs. Our study indicates that sigmific
overheads of power dissipated in long interconnects calglaffect
the overall thermal behavior of the final MPSoC, and that doumi
distribution of power sources in the die does not need to ywed

(11]

[12]

[13]
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