EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

A multi-core architecture for incCar digital entertainment

Citation for published version (APA):
Moonen, A. J. M., Berg, van den, R. M. J., Bekooij, M. J. G., Bhullar, H., & Meerbergen, van, J. (2005). A multi-
core architecture for incCar digital entertainment. In Proceedings of GSPx Conference

Document status and date:
Published: 01/01/2005

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023


https://research.tue.nl/en/publications/1d89bc31-9a3d-41b4-b664-30014ebef5d3

A Multi-Core Architecture for In-Car Digital
Entertainment

Arno Moonen?3, Rere van den Berg Marco Bekooif, Harpreet Bhullarand Jef van Meerbergéh

LEindhoven University of Technology
P.O. Box 513, 5600 MB Eindhoven, The Netherlands
Telephone: +31 (0)40 247 3394

2Philips Semiconductors Nijmegen
HT, Gerstweg 2, 6534 AE Nijmegen, The Netherlands
Telephone: +31 (0)24 353 3551

3Philips Research Laboratories Eindhoven
WDC31, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands
Telephone: +31 (0)40 27 42310

{Arno.Moonen,Rene.van.den.Berg,Marco.Bekooij,Harpreet.Bhullar,Jef.van.Meerp@mpeitips.com

Abstract—This paper presents a new multi-core architec- functions typically process data streams and have real-time

ture for in-car digital entertainment. Target functions vary  constraints.
from terrestrial reception, digital reception, and compressed

audio, up to handsfree voice with acoustic echo cancellation
and USB media playback, possibly in different user modes
like single versus dual media sound. In the near future, new

The functions are currently implemented in the in-car
digital entertainment platform of Philips Semiconductors.

functions like near field communication, wireless streaming, One of the chips on this platf.orm. is the multiprocessor
storage, digital rights management, navigation and video be- SAF7780 [1] [2], which is used in this paper as a reference.
come important. The main challenge is that the platform The SAF7780 contains four EPICS DSP cores [3], four ac-

must be open for future functions, which are unknown at celerators, a number of peripherals and a ARM based sub-
design time. Another challenge is to reduce the design effort system,

by maximizing reuse of hardware and software, especially

from related domains like Consumer Electronics (CE). This
paper describes an multi-core architecture using a network-

This paper discusses a new architecture based on a

on-chip, which provides the required flexibility and scalabil- network-of-chi.p. .The pros en cons of the new archit_ec-
ity. The area overhead, due to the network, is estimated to be ture are quantitatively compared to the reference architec-
1.5% compared to the current architecture. Furthermore, it  ture. The solution is optimized for functions that process

is shown that the latency is comparable to the current archi- streams of data.

tecture.

Categories and Subject DescriptersSystem on Chip: The paper is organized as follows: Before going to a
Multi-core architecture and the use of this in car entertain-  new architecture, first the overlap and differences from the
ment environment. CE and the automotive domain are explained in section

Keywords—Embedded systems, multi-processor, network- |I. The next section will give the characteristics of the
on-chip, car radio, car entertainment, low cost. current application in SAF7780. Section IV explains the

bottlenecks in the current architecture and the expected
problems in next generations. Based on these results a
new multiprocessor template is proposed in section V.

Current car radio applications are serving different funcFhe template uses new concepts like network-on-chips that

I. INTRODUCTION

tions. This varies from terrestrial reception, digital recepprovide a scalable and flexible communication infrastruc-
tion, compressed audio, up to handsfree voice with acouste. Section VI proposes a network based architecture,
tic echo cancellation and USB media playback. Furthewhich is open for introducing new features from the other

more, it is expected that wireless communication, stodomains like video and digital TV. The network is ana-
age, navigation and video will become important. Thedgzed in terms of area and timing in section VII. 1t is



shown that the timing constraints of existing algorithming the different domains into one platform to the biggest
can be met, despite the use of a network. This is importachallenges of today and the next generations of products.
to overcome new field and quality tests for existing algofo survive the automotive life cycle, all functions should
rithms. Finally, in the last section, there is a conclusion. have a high quality, flexibility and upgrade possibility.

Entertainment functions are present in 3 different user In this section the characteristics of the application are

domains, namely Consumer Electronics (at home), Al9'_1vestigated and it is shown that thes_,e functions_typically_
tomotive (on the road) and the PC world (at work). Th&@rocess data strea_ms and have real—tlme_ constral_nts. In this
portable devices are key to transfer data between these §8P€"» these functions are called streaming functions.
mains. Typical functions in that work domain are email .

access, calendar entry, wireless phone access based on neht€ functions can be started and stopped by the user.
field communication. In thet homedomain users are in- Each possible set of simultaneously activated functions is

terested in functions as music playback, radio of all kind&/ld a use-case. The number of use-cases is increasing
of formats and supporting media, video and TV. In tme rapidly. Functions can be started or stopped while others
the roaddomain functions like navigation, road access sefFontinue. This switching between use-cases is a dynamic
vices and eSafety are important. Users expect the safff@Ccess, which must be handled at run-time. Obviously,
user interface in the different environments. They War{pnctlons can only be started if enough resources are avail-

to experience the same look and feel. Therefore, it is eQ—b €.
pected that those domains will converge towards one plat-

form. Furthermore this helps to reduce the cost by increase>tréa@ming functions can be presented by a graph that
reusability. consists of tasks, which communicate via a point-to-point

connection. The granularity for communication is a token.

At the other hand there are also differences, like time f n exa”?p'e Of_ a tol_<en IS an _aUd'O stereo sample, _MP3
rame, pixel, video line or a video frame. Synchroniza-

introduction of new features, life time of features and de-

vices, quality and cost. For automotive products the pla|11Ip ?f bet\llvetehn tolt<ens 'S done gﬁ f”: F|rst Ir; First ?u: (Frlll.:?])
ning and development of a new device takes about 3 ye Jier. In the streaming modet it 1S made explcit which:
and the life cycle is about 8 to 10 years. For the CE pro _at_a s private (state) and which data is share_d (c_ommunl—
ucts the planning and development time is 6 to 9 monﬂ%"t'on)' The tasks have random access to their private state

and the life cycle is about 1.5 years. For the PC world th%emory as well as random access within a token, despite

is even faster (several months). A longer life cycle requiret e FIFO synchronization between tokens.

high duct lity, which bri the topic of migrat- _ - . .
a higher product quatity, which brings the topic ot migra Functions have timing constraints that can be classified

as Hard Real-Time (HRT), Soft Real-Time (SRT) and Best
Effort (BE). In the case of a HRT function it is not allowed
to miss any deadline. An example of a HRT function is an
audio stream that is connected to a digital to analog con-
L TT—— verter. In this case missing a deadline will result in an un-

Informiation, ‘ acceptable audio quality. The functions in SAF7780 from
Communication, calendar Philips Semiconductors are typical examples of HRT func-
tion. In the case of SRT functions, for example video, it is
allowed to miss some deadlines but the miss rate should
be preferably low. BE functions like access services don't
have deadlines, they finish as soon as possible.

IV. ARCHITECTURE CHALLENGES

n ) .
on the road The bottlenecks in the current architecture as well as the

expected problems in the future are described here. Based
Fig. 1. Connected planet experiences on these results and the requirements from the application



it is possible to explore new architectures. The aim of this paper is to replace both the DIO switch
and the ITC channels from the SAF7780 with a network

Architectures for Embedded Systems implemented gHch that the architecture is scalable and flexible. Two as-
Silicon are quickly evolving towards reconfigurable mulP€CtS are studied in detail: the latency and the cost. The
tiprocessor architectures combining programmable CP@tency of the network will be analyzed to verify that the
and DSP cores with application specific cores. This We{y‘qmg requirements are met. Cost is defined in terms of
platforms can be carefully optimized for the target doSilicon area.
main and still be programmable. The SAF7780, for exam-
ple, contains an ARM7 micro-controller subsystem, four V. ARCHITECTURE FORIN-CAR ENTERTAINMENT
EPICS DSP cores, four accelerators and a number of pe--
ripherals that connect the chip with the outside world. The architecture that is explained here is optimized for
There are different solutions for communication in differstreaming functions and is based on the Hijdra template
ent parts of the SAF7780, as shown in Figure 2. One [4], which is shown in Figure 3. The architecture consist
the Digital In/Out (DIO) switch with four masters (EPICSof tiles that communicate via a packet switched network.
cores) and a number of slaves (peripherals and accelefde tiles contain a programmable core, a memory, a Com-
tors). Another one is the Inter Tile Communication (ITC)munication Assist (CA) [5] and a network interface (NI).
channels between the four EPICS DSP cores. The DIDhe NI connects the tile to the network. The CA has 2
switch is in the critical path and is not scalable for nextasks. The first task is copying data between the NI and
generations. The ITC channels supperhote writeto an- the memory such that the core is decoupled from commu-
other tile but notemote read ITC channels are sufficient nication. The second task is the arbitration between the
for streaming communication but defining the size of th€A and the core for accessing the memory.
memories is becoming extremely difficult. Therefore in
the future remote read is needed as well. For this paper the Athereal network [6] is chosen. The

FAEthereal network consists of Network Interfaces (NI) that

In next generations it is expected that the multiprocess8f€ connected viaalink to one Router (R). Any topology of
architecture will become communication centric. Gettin'€ routers in the network is possible, like a mesh, tree or
the right data to the right place at the right time will domi!ng- The NI can have multiple ports. Each portof the Nl is
nate the architecture. In order to master the complexity [fiked to @ number of FIFOs in the NI. The number of FI-
the deep sub-micron processes, it is necessary to comeFlBS and the FIFO capacities can be chosen at design time.

with a generally applicable and scalable communicatioh'® Network is able to set-up a point-to-point connection
infrastructure. Networks-on-silicon can deliver a scalablgétween different FIFOs at run-time. Each point-to-point

and flexible communication architecture and serve as tR@NNECtion can support Guaranteed Throughput (GT) ser-
basis for next generation platforms. vice or Best Effort (BE) service. The bandwidth of a GT

connection is configurable at run-time and is fixed. The la-
tency of a GT connection is bounded. In the case of a BE
connection there are no guarantees for the provided band-
width and the worst-case latency. Tiles connected to the

, , , Athereal network can have different clocks because the
[cra||[ i |[1FAD|[AD ]l [ DA m| is || [src |
| : | l |Dlo l | l | Tile Tile
| [ [ | Proc. | stall Proc. | stall
FH s s e e
_ & _ & _ & _ & |%£ »<«—>| CA E;:: »<«—>| CA
E E E E \‘\w j \‘w j
|__i_, |__i_| |__i_, |__i_| NlHD FIFO NIDI:I 2 ko
| e | i T status 7Fstatus

| ARM based subsystem | FiFos

Fig. 2. The architecture of the SAF7780 Fig. 3. Streaming multiprocessor template




NI supports clock domain crossing. VI. NETWORK BASED ARCHITECTURE

S _ ication b K K In this section the SAF7780 in Figure 2 is taken as a ref-
trea_mlng commL_mlcgtlon etween two tas_ S ta %tence for the network based architecture. The SAF7780
place via a communication channel at the function IeveJ:.Ontains four EPICS DSP cores, two CORDIC (crd) hard-
leer_1 our archltectl_Jre _therehare t\INO OE“O:S for '_mple,’\ivare accelerators, one FIR accelerator, one SRC accelera-
menting a communication channel. The first option 'Por, a number of peripherals and an ARM based subsystem.

to implement the communication channel as a dedicaterq]e ARM based subsystem is more control related and is
point-to-point connection in the network. The second ORherefore seen as a single tile

tion is to implement communication channels onto one

_network connection by transferring an address and data USThe first decision is to define the number of tiles and
ing the shared address space.

their content in the new network based architecture. The
, ) i L . _. proposed architecture is shown in Figure 4. There are four
The implementation of the first option is shown in Figp)cg tiles that contain an EPICS DSP core, a CAand X,
ure 3 by the arrows With the bquen Iine_. Thereis a de_ and P memory. The accelerators, which have a tight la-
icated netvyork connection, Wh'Ch consists O_f a FIFO Irﬂency constraint with the EPICS DSP core, are connected
the prqducmg NI apd a FIFO in the consuming NI. Th%s a separate tile to the network. A NI can have multi-
producing task, which is executed on the processor, Writgg, s to multiple tiles, which is done in the case of the
its token to a logical FIFO in its local memory. The CA,¢celerators in Figure 4. The peripherals are grouped in

copies the data into a FIFO of the NI. The data is tran%-ne tile, which is connected to the network via the NI. The

ported over the dedicated point-to-point connection to the, i herals are passive IPs that are connected to a local

NI at the receiving tile. As soon as the data arrives in thg s |y the peripheral tile there is a CA that transfers data

F”:,O of the gonsuming NI, itis copied by th.e_CA .into thebetween the peripherals and the NI. The ARM based sub-
Ioglce_ll FIFQin the Io.cal memory of the receving tle. Thesystem is connected as one tile to the network via a NI.
data is read from this FIFO after the consuming task has

detected that there is sufficient data in this logical FIFO. The communication channels from and to the peripher-

tT.hIS c|>:|cl)t|on matkels_use r?.f Iocglband f”l:.e grain Si/rr:c?;o?'z_%'ls are all implemented via the shared address space. This
|o?. _tct)w C.O? ro |I:S|§g ;)e\?e 3: ma hmnglgEf[h ?th ala Iy possible because in our application communication with
not-wrtten into a elore 1tis checked that Inere 1y, o peripherals is not latency critical. The communication
space _avallable. The'advantage of this optlgn 'S that ﬂ&'ﬁannels between the EPICS DSP cores and the accelera-
ba|nd¥vr|]dtr:j_car(; be :jeflngdt:‘]orteacrrl] communl_catt|_on Cr;aﬂirs are mapped to a dedicated point-to-point connection
ne'. € disadvantage Is that each communication Chal o ;e the latency. In section VII the maximum round
nel needs a dedlca_lted point-to-point connection in thg n(?It’i'p latency between the EPICS and the CORDIC is ana-
work and the maximum number of network ConnectlonsI‘yzed. The communication channels between the EPICS

which can be suppo_r_ted by a NI, _is fi_xe_d ‘f.’u design tim%SP cores can be implemented using the shared address
Therefore, the flexibility of this option is limited. Further-

more, the area of the network is determined by the max-
imum number of network connections, that are supportec
by the network. Using one network connection for multi-
ple communication channels would increase the flexibility
and decrease the network area.

In the second option there is only one connection that
support a shared address space between two tiles. The
can go multiple messages over the connection, which con
tain data as well as an addresses. The latency of this optio
is higher because the data and address is both send ov
the network and there are multiple communication chan-
nels send over one connection. Another advantage is the
there are less network connections needed than in the firs
option.

ARM based
subsystem

Fig. 4. Proposed multiprocessor architecture



space or the dedicated point-to-point connection deperdiedicated point-to-point connection for the return path.
ing on the latency, performance and costs. The controllBoth connections are GT with a bandwidth allocation of
of the system is mapped to the ARM micro controller50%. The flow control of the forward connection is piggy-

which configures the DSP domain using the shared addrdsscked on the data of the return connection. The flow con-

space. trol of the return connection is piggy-backed on the data of

the forward connection. The worst-case round trip latency

is 37 clock cycles for the EPICS at 125MHz. The execu-

VII. NETWORK ANALYSIS tion time of the CORDIC is 18 cycles at 125MHz, because

Now the network is analyzed in terms of timing andt runs at twice the speed compared to the current archi-
cost. The current radio implementation is used as tf{gcture. The latency of the clock domain boundaries is 4
driver for timing analysis because it has tight timing concycles at 125MHz. The rest of the latency is introduced by
straints. The network cost is derived with the models dfe network. By comparing both round trip latencies it is
Athereal and compared with the current architecture.  Shown that they are very close. Therefore, the radio imple-

mentation is be able to meet the timing requirements in the

The current radio implementation contains an adaptieW architecture.
filter that needs to calculate and update new filter coeffi- _ _
cients for every sample. This updating of filter coefficients S€cond aspect to analyze is cost in terms of area. The
creates a cycle with tight timing constraint. The calcula#Ethereal network has a parametric model for calculating
tion of the filter coefficient is done by the EPICS DSP corfne area of a router and a network interface [6]. The model
in cooperation with the CORDIC accelerator. The chal$ based on &.13,m technology with a clock frequency of
lenge is to come to an architecture with a low round trig0OMhz and a data path width of 32 bits for each link/port.
latency from the DSP to the accelerator and back, as sho He resulting cost model of a router, given in terms of arity
in Figure 5. The architecture should still be flexible sucH 'S:
that each DSP is able to use these accelerators.

Ag(a) = 0.808a* + 23a(10*mm?) (1)

In the SAF7780 the EPICS and CORDIC are syn- Similarly, letp be the number of ports of the N¢,be
chronous and the clock frequency is 125MH2In8m  the number of connections per port apntde the depths of
technology. The round trip latency is the execution time dhe queues in the NI. Then the cost model for a network
the CORDIC, which is 36 clock cycles. interface is:

For analysis it i§ assumed that one CORDIC executionANI(% ¢,q) = 19.6pc + 0.72pcq + 4.8(10"mm?2) (2)
will consume one input token of 4 words and produce one
output token of 2 words. For the round trip latency in Fig- These two models are used for estimating the network
ure 5 all the numbers are translatedota3,m technol- area in Figure 4. The network consists of two routers and
ogy for comparing the latency. The clock frequency ofight network interfaces. The area of the two routers is
the EPICS is taken 125MHz, which is the same as in tHe27mm? and the area of the eight network interfaces is
SAF7780. The EPICS can run at a higher clock frequendy73mm?. Therefore, the total area of the network in-
in 0.13.m technology but for comparison it is ok to as-stance is aroundmm? in a0.13pm technology. When
sume 125MHz. The network can run at a clock frequend§emparing the network area with the area of the DIO and
up to 500MHz in0.13.m technology. In this technology it ITC infrastructure then the area increase is 1.5% on the
is expected that the CORDIC can run at a clock frequen&AF7780.
of 250MHz. The network in Figure 5 has a dedicated

point-to-point connection for the forward path and the a VIIl. CONCLUSION

Convergence of the CE and automotive domains leads to

Tile NI Router NI A CORDIC new requirements for a new platform. The platform needs
e == i (EEEk g L mng BN to be flexible and upgradable such that functions from the
el el T [ 2 ! CE domain can be implemented. Platform architectures

are quickly evolving towards communication centric mul-
tiprocessor architectures. We believe that networks-on-
Fig. 5. Round trip latency between EPICS and CORDIC  sjlicon can deliver a scalable and flexible communication

125MHz 500MHz 250MHz



architecture and serve as the basis for next generation plat-
forms.

This paper evaluates the pros en cons of a new architec-
ture based on a network and compares it with the current
architecture. The packet switched network of Athereal
supports point-to-point communication as well as a shared
address space. The proposed multiprocessor architecture
is optimized for streaming communication. The streaming
communication is implemented via a point-to-point com-
munication in the case of tight latency constraints. It is
shown for the radio implementation that the latency be-
tween a DSP core and an accelerator is within the timing
constraints. If cost is important then the shared address
space is used for implementing streaming communication
to reduce the number of network connections, since this
parameter dominates the cost. The cost of the proposed
multiprocessor architecture is 1.5% higher than the current
architecture due to the network.
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