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Goal of our research

A methodology to map data and tasks of dynamic and 
concurrent real-time applications on an embedded 
(heterogeneous) multi-processor platform



Page 2

Overview Matador project

© imec 2004

MPEG4JPEG

Why are Applications becoming more 
dynamic and concurrent?

The workload decreases but the tasks are dynamically created and
their size is data dependent

T1
T1’ T1

T2
T3

T4
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MPEG-4 : multimedia spec
= too huge to handle as 1 task
=> break up in many interacting tasks

With this code my boss 
has to give me a raise!!!

TASK1

h

Cost(P)

Exec.Time

Divide-and-conquer approach of today leads to 
local solutions
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This didn’t look so good after all???

TASK1

TASK2

TASK3

Processor 1

Global picture: ad hoc

h

h

h

t1

t2

t3

t1+t2+t3<T
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TASK1

TASK2

TASK3

Processor 1

Global trade-offs with cost-performance curves

h

h

h

Luckily we have the Pareto approach!

x

x

x

t1n

t2n

t3n

t1n+t2n+t3n<T



Page 4

Overview Matador project

© imec 2004

Outline

Motivation: challenges in the system-level design
Overview of methodology
Transformations
Some experimental results on multi-media applications
Long term objective
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Inter-thread frame dynamic behaviour

Quite dynamic scene with
many meshes + camera movement

Quite static scene with few 
meshes + no camera movement

Nr Meshes
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System design issues in 
IT-Application domain

IN
0.2-1 Mb/s

OUT
>4 Mb/s

25 frames/s

Stringent real-time 
constraints

Complex data sets
• Large and irregular 

dynamically allocated data
• Huge memory accesses

Current
Frame

Prev
Frame

FIFO

>6G access/s
> 10MB stored

Preproc

MC

IDCT

Postproc

Processes (threads)
• Dynamic and 

concurrent processes
• Global/local control
• Non-deterministic events

Embedded system: cost
(power, mem.footprint,$)

Network layer protocols (ATM, IP)
Dynamic multi-media algorithms (MPEG4/7/21)
Wireless/wired terminals (Internet, WLAN)

© imec 2004

Examples of Multi Processor platforms: 

Available in the Billion Transistor Era 
� E.g. High performance/high power superservers: SUN MAJC, IBM 

Power4, MIT M-machine, Stanford Hydra, 
� E.g. Medium power multi-media processors: Philips Nexperia, TI 

OMAP, ST Nomadik, Improvsys Jazz

Philips Nexperia

Philips Nexperia
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Why aren’t multi-processor platforms 
used now in embedded domains?

efficient mapping requires a very high design effort 
when done manually
=> need for a cost-sensitive real-time system compiler

Multi-media
application

© imec 2004

Requirements of system level 
design approach

� �� � � �� � 	 
 � � � � 
� � � � � � � � � 
�

ARM

IP1 IP2

RAM ROM

� � � � �� � � � � � �

Platform architecture

TCM approach:
ICPP’00, 
Kluwer book’99
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Extraction of the gray-box model

Static task scheduling

cost

time

task1
cost

time

task2
cost

time

task3

platform
Real-time
constraints

Run-time scheduler

processor1

processor2

processor3

time

platform
Real-time
constraints

C/C++ specification of dynamic concurrent system

Concurrency improving transformations

DTR;Task-level DTSE
Memory architecture
Real-time
constraints

Extraction of the gray-box model

© imec 2004

TF: Thread Frame
TN : thread nodeCDFG

MTG*

TF1 (new
activ)

Gray box model: a combination of 
MTG*(Petri Net) and CDFG model

Task= combination
of TFs

TN
TN

TN

TF2

TN
TN

TN

TF1

TN
TN

TN

TF3
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C/C++ specification of dynamic concurrent system

Extraction of the gray-box model

Data Type Ref/TDTSE
Memory constraints
Real-time
constraints

© imec 2004

Many, Dynamically created, 
Large-Scale Applications

� � � � �� � �	
 � � 
 � �� �

� �� � � � �	
 � � 
 � � 	� � � � � � � �

Contending for memory.
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video
output

DTR: Multi-media Case Study

Pixels Buffer:

- reuse Alegro library?

or

- customize it ourselves?

TETRIS
APPLICATION

layer 1

Raster

layer 2

310200
accesses/frame

4459
accesses/frame

6946
accesses/frame

See also ISLPED’02 E.Daylight et al.
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Reuse the Alegro Library Code: Implem1  

�

General Purpose Pixels Buffer

One long sparse array of 
RGB values

Mem.ftprt.:  900 KB

Exec. time.:   7565 ms  
(for 100 frames)

310200 accesses/frame

Pos(4,1)

Pos(5,1)

Pos(6,1)

Pos(7,1)

Pos(8,1)
…

Pos(3,4)

Pos(4,4)

…

…

RGB(white)

RGB(blue)

RGB(blue)

RGB(blue)

RGB(white)
…

RGB(red)

RGB(white)

…

…
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E
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[ms]

MEMORY FOOTPRINT [KB]

Memory Power of Implem1: 
310200 accesses/frame *  20 *  10^(-9) J *  60 
frames/sec  = 372,2 mW

Pareto Curve: Pixels Buffer Impl1

No Pareto-optimal point!

© imec 2004

Customize the Data Structure Ourselves 

�

Tetris has max 200 squares in the game
�

Store Tetris squares instead of each pixel separately!

Pos(4,2)

Pos(5,2)

Pos(6,2)

Pos(7,2)

Pos(2,4)

Pos(3,4)

…

…

Pos(7,1),RGB(blue)

Pos(3,3),RGB(red)

…

…

… …

Pos(1,4) (5,2)

(7,1)
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Transform the Data Structure:
Use EXPLICIT keys

Pos(5,2)

Pos(2,4)

Pos(7,1),RGB(blue)

Pos(3,3),RGB(red)

tail

… …

200 entries for
200 tetris squares

Mem.ftprt.:  3.52 KB

Exec. time.:   12648 ms  (for 100 frames)

© imec 2004
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MEMORY FOOTPRINT [KB]

Pareto Curve: Pixels Buffer Impl2
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Key Splitting: Exploit Sparseness

0    1    2    3    4    5    6    7 
000   001  010  011  100  101  110  111 

3 key bits 0 1

00    01   10    11 00    01   10    11

1 key bit

2 key bits

© imec 2004
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Pareto Curve: Pixels Buffer Impl3
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233.31943971669.6Original 
Solution

48.640219693.9Solution 2

136.8113961281.8Solution 1

memory
power
[mW]

data 
accesses

memory 
footprint

[KB]

BEST for SIZE

BEST for POWER

BAD

Mesh Implementations for a 3D Image 

of 6713 Vertices and 13406 Faces [TriMedia].

Another Stand-Alone Application

- [E.G.Daylight, IEEE Trans. on VLSI Systems, 2004].

© imec 2004

DDTR: REFINING the concrete data structure 
into a partitioned concrete data structure

LAR(7)

[1040][28672]LAR(7)

on chip

off chip



Page 14

Overview Matador project

© imec 2004

DMMR: A basic Dynamic Memory Manager

ApplicationApplication

10 Kb block10 Kb block

40 Kb block40 Kb block

30 Kb block30 Kb block
20 Kb block20 Kb block

25 Kb block25 Kb block

22 Kb block22 Kb block

20 Kb block20 Kb block5 Kb block5 Kb block

40 Kb block40 Kb block

20 Kb block20 Kb block

20 Kb block20 Kb block

5 Kb block5 Kb block

40 Kb block40 Kb block

15 Kb block15 Kb block

Memory Pools

Middleware 15 Kb block15 Kb block

Memory requestedMemory returned

© imec 2004

Order to traverse the DMM Design Search 
Space

A.Creating block structures

statussize pointers

4 Block 
recorded info

CoalesceSplit Ask for more 
memory

5 Flexible block 
size manager

DDT OPTIONS

3 Block 
tags

2 Block 
sizes

One Many

1 Block 
structure

Header Boundary 
tags

None

B.Pool division based on criterion

1 Size

One pool 
per size

Single 
pool

3 Pool 
structure

DDT OPTIONS

2 Order

One pool 
per order

Single 
pool

C.Allocating Blocks 

2 Fit 
algorithms

Exact fit First fit Next fit Best fit Worst fit

1 Ordering blocks 
within pools

LIFO FIFO Address Size Unordered

D.Coalescing Blocks 

1 Number of 
Max block size

One

Not fixedFixed

Many (categories)

2 When

Always Sometimes Never

Immediate Deferred

E.Splitting Blocks 
1 Number of 

Min block size
2 When

(12) (1)

(2)(3) (4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(13)

(14)
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Dynamic Memory Pool Organization: 
search tree

Single pool

Sub-pool per size

Hybrid

Free Blocks Free Blocks

Free Blocks

Free pool

Entire 
pool

1 per
type/size

© imec 2004

Experimental results (i)
3D rendering system

� Complex pool configuration, LIFO ordering, first fit policy and no 
coalescing or splitting selected
� Focus on fragmentation prevention with the use of profiling 
information and splitting the allocation process in 2 phases 
� Reduction up to 58.5% in memory accesses and up to 33% run-
time reduction

M
em

. A
cc

es
se

s 
10

6

3d Rendering
(1 frame)

3,8
7,5

3,1 R
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)

3d Rendering
(1 frame)

6
8,2

5,5

Kingsley
(Windows XP)

Lea
(Linux)

Our DM 
Manager
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Case study (ii + iii) 3D reconstruction 
algorithm + DRR network scheduling
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s 
10

6

3d Reconstruction
(2 frames)

4,3 4,7 3,6 R
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e 
(s
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)

3d Reconstruction
(2 frames)

1,5 1,8
1,2

M
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s 
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6

DRR Scheduling
(80.000 packets)

1,8 2,5
1,1 R

un
-t

im
e 

(s
ec

)

DRR Scheduling
(80.000 packets)

65,370,1
37,2

Kingsley
(Windows XP)

Lea
(Linux)

Our DM 
Manager
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Systematic DDT Transformations [ISLPED’02, 
TVLSI ’04] Explicit keys

Indirection
Marking (e.g. bit vector)
Linking
Key Splitting
Formal models/transformations[FESCA’04]

Systematic DDT Refinements [WOSP’02,DCIS’03]
Horizontal partitioning
Vertical partitioning
Complex partitioning

Systematic DMM Refinements [DATE’04]
Memory pool organisation [ESTEMEDIA’04]
Dynamic memory manager selection
DMMr code generation [PATMOS’04]
Both for multi-media [DCIS’04] and communication
systems [WWIC’04]

Systematic flow for DDTR in multi-media domain
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C/C++ specification of dynamic concurrent system

Extraction of the gray-box model

DTR;Task-level DTSE
Memory architecture
Real-time
constraints

© imec 2004

Communication         

SDRAM

Communication (e.g. Xbar)

DMA
interface

Mem1 M2

FUs FUs

On-chip

M3

Memory bandwidth rules performance/ 
energy cost

Hierarchical memory 
architectures to improve 
energy and performance

P. Panda, "Memory Bank Customization and Assignment in
Behavioral Synthesis",  iccad, Oct.,  477-481, 1999

S. Wuytack et al,"Minimizing the Required Memory Bandwidth in 
VLSI System Realizations��,  IEEE Trans. on VLSI Systems, Vol.7,
No.4, pp.433-441, Dec. 1999. 

P. Grun et al, “Memory Aware Compilation through Timing 
Extraction”, dac, 2000

Memory bandwidth largely 
determines performance 
and energy cost
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SDRAMs and local memories are big energy 
consumers

[1] M. Viredaz and D. Wallach, “Power Evaluation of a Handheld 
Computer: A Case Study”,WRL Research Report 2001/1 (HP/Compaq)

Energy Breakdown of MPEG on Itsy-handheld

Pmon

Pmain sup

Pspkr

Pcodec

Pdram

Plcd

Pmain

Pcore sup

Pcore

Large part of Pcore resides in on-chip memories/caches

© imec 2004

QSDPCM has many possible layer 
assignments

Main
mem

L1

reg
� P

Which?

Which solutions are spanning the 
Pareto tradeoff for power, area and timing?
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[DATE’03,
DATE’04]
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Multi-process data reuse trees for 
task/data-level parallelism
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Number of Page-Misses depends on the 
Data Assignment

Convolve
for (I=0;I<K;I++) {

for (j=0;j<K;j++) {
… = imgin[][] * kernel[I*K][j] ;

} 
imgout[r*col][] =...
} 

Cmp_threshold
for (I=0;I<K;I++) {
for (j=0;j<K;j++) {
tmp1 = img1[i][j]; }

}  

Spatial Locality 
Interference Frequency [MICRO-WASP’02]
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D: E=56.41uJ

B: E=44.18uJ

A: E=35.8uJ

C: E=76.5uJ
16

10

7

6

Task-scheduling Increases Freedom 
for Data-assignment

Especially when the number of data structures to 
available banks ratio becomes high
Not all schedules are energy/time optimal
Trade-off between energy/time exists

Maximum number of data structure
alive at the same time

Bus Contention and SDRAM Page-misses Increase the Energy 
Consumption/Execution Time

[DATE’03]

© imec 2004

… And What About Dynamic Behavior? 

Convolve
for (I=0;I<K;I++) {

for (j=0;j<K;j++) {
… = imgin[][] * kernel[I*K][j] ;

} 
}
imgout[r*col][] =...

Both Task Schedule and
Data Allocation Need to
Be Adapted …

Cmp_threshold
for (I=0;I<K;I++) {
for (j=0;j<K;j++) {
tmp1 = img1[i][j ]; }

}  

If a new task 
Pops up…
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Energy/time Trade-off for 
Cmp.Conv.Rawcaudio.2raw
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parallel
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Loop fusion improves performance/ 
energy of local memory layer

Energy vs Performance Trade Off

fir_wave_conv yuv_dct mm_cmp mm_fir mm_cmp_fir_yuv_dct

Benchmark Set
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Multiple uncontrolled bursts will lead 
to unpredictable behavior on busses 

L2 memory
(banked)

(1Mb)

uP 1 uP NuP 3uP 2

• Communication conflicts will occur between
block transfers of different applications if 
they are not scheduled well.

• Processor stalls will happen too with
additional energy/performance loss

© imec 2004

Execution time can be traded for energy 
consumption
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Access ordering and generation of the 
(partial) task precedence constraints

M
em

or
y 

A
re

a

T1
T2

T3
T4

T5T6

T1 T2 T3 T4 T5 T6

1 HW
accelerator

T1 T2 T3

T4 T5 T6

HW1

HW1

No constraints 
on schedule

T1 T3

T4
T5T6

T2

2 HW
accelerators

T1 T3T5T6

T2T4

Constraints 
on schedule

T1 T6 T3

T4

T5

T2

HW1

HW1

MA Cycle Budget
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Static task scheduling

cost

time

task1
cost

time

task2
cost

time

task3

platform
Real-time
constraints

C/C++ specification of dynamic concurrent system

Extraction of the gray-box model

Concurrency improving transformations

Task-level DTSE
Memory architecture
Real-time
constraints

[DATE’01,CODES’01]
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(Sub)Task scheduling

1

2 4

3

5

P1 P2

P1

P2

1

2

4

3

5

slack time

deadline
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Static task scheduling

cost

time

task1
cost

time

task2
cost

time

task3

platform
Real-time
constraints

Run-time scheduler

processor1

processor2

processor3

time

platform
Real-time
constraints

C/C++ specification of dynamic concurrent system

Extraction of the gray-box model

Concurrency improving transformations

Task-level DTSE
Memory architecture
Real-time
constraints

[CASES’00,ISSS’02,
CODES’03,SCOPES’04]
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Task 2

Application

Task 1
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application execution time

time 
limit

Run-time: original Pareto point 
selection
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Task 3
Task 2

Application

Task 1
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Run-time: one selection if new task enters
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task execution time
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Task 3
Task 2

Application

Task 1
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task execution time
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task execution time
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application execution time

time 
limit

Gain

Run-time: one selection if new task enters
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Power-efficient mapping of a dynamic application on  
(multi-)processor platforms with multiple Vdd’s
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Overall results for run-time execution of  
all TFs in MPEG21 QoS module
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Conclusions and future work
Matador methodology allows to reduce processing 
energy for dynamic concurrent applications mapped to 
heterogeneous platforms.
Both data and concurrency management are crucial in 
global flow
It also supports the mapping path to targeted platforms 
(more energy-efficient results and/or design time 
reduction due to systematic flow without iterations)
Some prototype tools have been built to support the most 
critical steps but ongoing work to complete this 
Good results are demonstrated on real-life multimedia 
applications with QoS behaviour 

� � � � � � � � � � �
Worldwide collaboration with more than 
450 companies and institutes. 
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