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Introduction

Traditional deployment of reconfigurable 
architectures (FPGAs): 

change the application over timechange the application over time

Newly developed devices (processor-like 
reconfigurable architectures): 

reconfiguration within one clock cyclereconfiguration within one clock cycle
reconfiguration is keeping pace with the execution

re-use of the device‘s components within a single 
application.

Commercial Examples:
NEC: Dynamically Reconfigurable Processor (DRP)
Intel: Reconfigurable Communications Architecture (RCA)
IPFlex: DAP/DNA Architecture
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Introduction

How to map C code onto processor-like 
reconfigurable architectures?

What features are required for relevant 
applications ?

number of registers, contexts, … ?
interconnect network ?
control of reconfiguration
etc.

Benchmarking
performance ?
power / energy ?
area ?
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CRC Model

Configurable Reconfigurable Core

Modifiable model for processor-like reconfigurable 
architectures

PE

PE

PE

PE

PE

PE

interconnect network 

FU

configuration
memory

register
set
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Synthesizable architecture instances
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CRC Model

Synthesizable architecture instances
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Synthesizable architecture instances

PE

PE

PE

PE

PE

PE

PE

register set
data / status

register set
data / status

FU

PE of the Architecture Instances
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Reconfiguration of a PE
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Execution Schemes
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frontend 
processing

FU and port 
allocation

scheduling

FSM 
extraction

application

execution scheme

architecture 
prototypes

operations and 
data types

timing 
information

12 Medv.2228860 ns200,000,000(8/1) * 200 MHzn/aresampling

1 Medv.22288≥60 ns≤200,000,000(8/1) * 200 MHzn/aresampling

1 Moore11181190 ns11,111,111(9/18) * 200 MHznoneHPGS

1 Medv.18181130 ns11,111,111(9/18) * 200MHzSSAHPGS

1 Medv.333130 ns66,666,667(3/3) * 200 MHzSSARGB2Y

none117320 ns200,000,000(3/1) * 200MHzSSARGB2Y

none117313 ns77,000,000(3/1) * 77MHzSSARGB2Y

FSMcontextsstatesFUsinportslatencysamples/sDIRffrontendapplication

1
state

7
6

5
4

3
2

1
1

y = (C1*r + C2*g + C3*b + C4)>>C5;y = (C1*r + C2*g + C3*b + C4)>>C5;
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NEC DRP architecture

[NEC 2002]

DRP Core (Tile)

Implementation DRP-1: 8 Tiles



Dagstuhl-Seminar 2006 14

Wolfgang 
Rosenstiel

Introduction

CRC Model

Execution 
Schemes

NEC DRP

Ray Casting 
Example

Temporal-Spatial 
Voltage Scaling

Application-
Domain Specific 
Architectures

Conclusions

NEC DRP

26 operations executed in 1 context:
29 MHz clock speed
26 PEs

26 operations executed in 1 context:
29 MHz clock speed
26 PEs
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NEC DRP

Placement and routing:
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NEC DRP

26 operations executed in 11 contexts:
134 MHz clock speed
18 PEs (5 ALUs)

26 operations executed in 11 contexts:
134 MHz clock speed
18 PEs (5 ALUs)
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NEC DRP

software pipelining
26 operations executed in 4 contexts:

129 MHz clock speed
15 PEs (8 ALUs)

software pipelining
26 operations executed in 4 contexts:

129 MHz clock speed
15 PEs (8 ALUs)
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NEC DRP
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Example Application from Visual Computing

Visual representation of scientific and medical 
application data
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Ray Casting

Direct volume rendering (DVR): a visual 
computing method to display 3D volumetric 
data on a 2D screen
A popular algorithm for volume rendering is 
ray casting:

the viewing rays from the eye position through the 
image plane are tested for intersection with the 
volume
each ray that hits the volume is 
traversed to sample the data
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Limiting factors: computational power and 
memory bandwidth

Current solutions for real-time performance:

Ray Casting

- not suitable for low-power 
requirementsFPGA

- prone to fail for even slight 
changes in processor or 
memory architecture

- tedious to code

CPU with multimedia 
extensions (SSE2, 3DNow)

- not flexible enough for 
extensions

- high NRE costs
ASIC
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Ray casting pipeline

Ray Casting on the CRC Model

resamplingvoxel fetch compositing
classification
and shading

ray setup

voxel fetch:
memory bandwidth 
limited

resampling: 
most computation
intensive stage
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Ray casting pipeline

Ray Casting on the CRC Model

resamplingvoxel fetch compositing
classification
and shading

ray setup
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Ray Casting on the CRC Model

resamplingvoxel fetch compositing
classification
and shading

ray setup

15+
2*

Optimized data flow graph:

8 memory
addresses
to fetch a 2 x 2 x 2 neighborhood of voxels

3 sample 
coordinates
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Ray Casting on the CRC Model

7SEL
3<

trilinear 
interpolation

nearest 
neighbor 

interpolation

resamplingvoxel fetch compositing
classification
and shading

ray setup

2 alternative filter kernels

14-
7>>
7*

8 voxels

interpolated sample value
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resamplingvoxel fetch compositing
classification
and shading

ray setup

5 x 4 PEs

17 operations

Architecture for High Throughput

Pipeline is subdivided into (super-)pipeline stages to achieve 
high throughput

to memory

to memory
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for High Throughput

1 context
(no reconfiguration)

Pipeline is subdivided into (super-)pipeline stages to achieve 
high throughput
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for High Throughput

trilinear interpolation

28 operations

Filter kernel for resampling:

from memory

from memory

sample 
value

10 x 4 PEs
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ray setup

Architecture for High Throughput

trilinear interpolation
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for High Throughput

nearest neighbor interpolation

Alternative filter kernel:

10 operations
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for High Throughput

nearest neighbor interpolation

selection of filter kernel

trilinear interpolation

Filter kernel can be selected dynamically
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for High Throughput

Super-pipelined mapping:
15 x 4 PEs 
2 contexts and 2 states
8 memory blocks
1 clock cycle per sample
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Sequential execution 
using 4 PEs

Architecture for Low Area

6 contexts
6 states
2 memory blocks

Similar to a VLIW 
processor

to memory

to memory
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resamplingvoxel fetch compositing
classification
and shading

ray setup

Architecture for Low Area

15 contexts

6 contexts 
+ 1 context for 

synchronization

Multi-context mapping:
2 x 4 PEs 
22 contexts and 22 
states
2 memory blocks
15 clock cycles per 
sample

trilinear interpolation

nearest neighbor interpolation:
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PEs for Ray Casting

interconnect network:

PE

32-bit wide arithmetic 
operations

16-bit x 16-bit multipliers

7 data registers

3 status registers

4 states, 4 contexts for 
high throughput 

24 states, 24 contexts for 
low area
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Benchmark Results

341 Slices
9 18x18 

mult.

8 PEs
(1.29 mm2)

60 PEs 
(5.85 mm2)

area

7014 pJ983 mW140 000 000140 
MHz

Virtex-II 
1000
(super-
pipelined)

6913 pJ74,7 mW10 800 000162.1 
MHz

CRC
24 contexts
(multi-
context)

2277 pJ372 mW163 400 000163.4 
MHz

CRC
4 contexts
(super-
pipelined)

energy  
per 

sample

power 
dissipation

samples 
per second

clock 
speed

CRC model: 130 nm standard cell technology
Virtex-II: 150 nm technology (120 nm transistors)
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Slack Time

×

Delay [t]

-

-

Slack

Vo
lta

ge
[V

]

1.2 V1.0 V

5.45 ns 4.06 ns

3.48 ns 2.68 ns

2.32 mW 3.71 mWP

1.38 ns2.29 ns

2.80 ns 2.10 ns

1.2

1.0
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Temporal-Spatial Voltage Scaling on the CRC-Model

1.2 V1.0 V

5.45 ns 4.06 ns

3.48 ns 2.68 ns

2.32 mW 3.71 mWP

timing
constraint
4.5 ns

1.0 V
1.2 V

1.0 V
1.2 V
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1

Temporal-Spatial Voltage Scaling on the CRC-Model

1.2 V1.0 V

5.45 ns 4.06 ns

3.48 ns 2.68 ns

2.32 mW 3.71 mWP

timing
constraint
4.5 ns

execution
cycle 1
execution
cycle 2
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24 24 2424

24 24

24

execution cycle 1 1

1 2 43

tim
e

memory access

execution cycle 2 

execution cycle 15    

Trilineare Interpolation

21 out of 28 operations
could be executed at 1.0 V

23% energy gain

23% EDP Reduction
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Voxel Fetch
PE1 PE2 PE3 PE4

execution
cycle

data flow graph

15 out of 17 operations
could be executed at 1.0 V

28 %  energy gain

28% EDP Reduction
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Application Domain: Image Processing

Spatial Convolution 
3x3 und 5x5

Binary AND und 
Binary XOR

Histogram Stretching

Matrix Operations

AND XOR
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Which one is the most adequate architecture 
to the domain?

0,00

0,50

1,00

1,50

2,00

8 PEs 12 PEs  17 PEs

Sp
ee

d 
U

p
AND XOR
Spatial Convolution Matrix Operations

Loop Unrolling, 
Constant folding, 
Copy Propagation

Adequacy of the Architecture to the Domain

Area ~ 700.000um2

Loop Unrolling, 
Constant folding, 

Constant Propagation, 
Copy Propagation

32 Contexts 16 Contexts 8 Contexts

… and which is the 
most adequate 

mapping strategy?

Loop Unrolling, Constant 
folding, Common Sub-
Expression Elimination
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Image-Processing Domain Design Space

Design space 
analysis
(# pareto
points)

number 
PEsTransformationsApplication

Constant 
Propagation

Constant Folding
Copy 

Propagation

Loop Unrolling 
(2x – 16x)

Common Sub-
Expression 
Elimination

Dead Code 
Elimination
Tree height 
reduction

440Matrix Operations

1080
2–19 PEs

Spatial Convolution 3x3 
und 5x5

711 (AND)
1080 (XOR)

CRC 
Model

Binary AND und Binary 
XOR

882Histogram Stretching
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Image-Processing Domain Design Space
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Conclusions

The benefits of reconfiguration can only be utilized if 
applications can be mapped efficiently:

C code must be partitioned temporally by an automated 
high-level compiler
the target architecture must provide the resource to 
execute the application efficiently

Ray casting example shows considerable advantages 
compared to FPGAs
We proposed a voltage scaling technique which
satisfies the timing constraints without frequency
scaling
Design of Processor-Like Architectures for an 

Application Domain is challenging:
Resource allocation should attend evenly all applications 
in domain.
Set of mapping strategy should foresee appropriate use of 
resources for all applications.


