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Eugene C. Freuder

CONSTRAINTS, April 1997
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Synthesis of the following code

(inner loop of differential equation integrator)

while c do
begin

x1 := x + dx;
u1 := u - (3*x*u*dx);
y1 := y + u*dx;
c := x < a;
x := x1;  y := y1;  u := u1;

end;

$�����������	���	%���������
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r1

r2

r3

r4

r5

r6

Constraints:

[r1,r2,r3,r4,r5,r6] :: 0..2,
r1 � r2, r1 � r3, r2 � r3,
r2 � r4, r3 � r4, r4 � r6,
r5 � r6.

&�������	
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� for all ri, rj which are not connected by an edge: 

ri � 1 ∨ r_j � 1

� The maximal clique can found by maximizing the 
following cost function:

cost = �i ri

r1

r2

r3

r4

r5

r6
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� All constraints are stored in the constraint store

� Consistency methods are applied to find inconsistent 
values and prune variables’ domains

� Different types of consistency methods:
� Node consistency
� Arc consistency
� Path consistency
� ...

r1

r2

r3

r4

r5

r6

� �

��

�

�

�

�

�����������	
���������

� Node consistency
� A network is node consistent if in each node 

domain each value is consistent with unary 
constraint (e.g., X > 7)

� Arc consistency
� A network is arc consistent if for each arc 

connecting variables Vi and Vj for each value in 
the domain of Vi there exist a value in the domain 
of Vj consistent with binary constraint (e.g., X > Y)
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� Example

0..10 0..10

V1 V2
>

V1<7

Not node consistent
Not arc consistent

1..6 0..5

V1 V2
>

V1<7

node consistent
arc consistent

*���	���	������

� Node, arc and path consistency are in general not 
complete (complete for some problems with particular 
structures)

� Complete algorithm: N-consistency for N variable 
problems � exponential complexity

� Example:

r1

r2

r3�

��

[r1,r2,r3] :: 0..1,
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� Solver is not complete and search for a solution is 
needed

1..6 0..5

V1 V2
>

V1<7

V1=1

1 0

V1 V2
>

V1<7

V2=0

V1=2

V2=0

����������	����������

� may specify partial information — need not uniquely 
specify the values of its variables,

� non-directional — typically one can infer a constraint 
on each present variable,

� declarative — specify relationship, not a procedure to 
enforce this relationship,

� additive — order of imposing constraints does not 
matter,

� rarely independent — typically they share variables.
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3 x u dx 3 y u dx x dx

y1 c

x1 adx y

* * * *

**
u

-

u1

-

+

+

<
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� for all opi and opj such that opi
before opj
Ti + Di � Tj

� for all opi and opj that can use 
the same resource
Ti + Di � Tj ∨ Tj + Dj � Ti ∨ Ri � Rj


��-!���

� Constraint propagation for

Ti + Di � Tj ∨ Tj +Dj � Ti ∨ Ri � Rj is weak

� Not all solvers support disjunctive constraints.
� Other solution (reified constraints):

Ti + Di � Tj ⇔ B1,

Tj +Dj � Ti ⇔ B2,

Ri � Rj ⇔ B3,

B1 + B2 + B3 � 1.
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resources

time
k

m

Tk + Dk � Tn ∨ Tn + Dn � Tk ∨ Rk � Rn
Tm + Dm � Tn ∨ Tm + Dm � Tn ∨ Rm � Rn

n

'!�-�!	�����������	

� Non-overlapping rectangles

� All knowledge in one ”place” – makes it possible to 
define good consistency methods (OR, mathematics, 
geometry, etc.)

� Specific algorithms for consistency – more efficient

Y

X

i

j diff2([ [Xi,Yi,DXi,DYi],
[Xj,Yj,DXj,DYj] ] )
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� diff2 constraint

Y

X

operation
Ri

Ti

duration (Di)

1

(time)

(resources)

diff2([ [T1, R1, D1, 1], [T2, R2, D2, 1]], ...)

������!���	/+���!�	�����������

T1 + 2 � T6, T2 + 2 � T6,
T3 + 2 � T7, T4 + 2 � T8,
T5 + 1 � T9, T6 + 2 � T10,
T7 + 2 � T11, T10 + 1 � T11,
diff2([ [T1,R1,2,1], [T2,R2,2,1], [T3,R3,2,1], 

[T4,R4,2,1], [T6,R6,2,1], [T7,R7,2,1], 
[T5,R5,1,1], [T8,R8,1,1], [T9,R9,1,1], 
[T10,R10,1,1], [T11,R11,1,1] ]).
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f.u.
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diff2 for operations

diff2 for register

+ +

A := B + C
:

X := A + Y

A

� can be done together with or after functional 
units allocation/binding and scheduling,

time

registers

0����	���������	
��-!���	
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� High-level synthesis:
� Chaining, 
� Conditional execution, 
� Pipelined components, 
� Algorithmic pipelining,
� Switching activity reduction (power consumption)
� ...

� System design
� different aspects of design space exploration
� scheduling
� component assignment
� memory allocation/data assignment
� power/energy consumption
� ...
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µP/DSP ASIC Memory

Communication facility

Architecture

Task1

Task2

Task3

Task4

Specification

Mapping
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� Element constraints
� element(N, [X1, X2, ..., Xn], Value)

� propagation from N to Value
N=i � Value = Xi

� propagation from Value to N
Value = x � N=i and Xi = x ...

� Examples- element(N, [2, 3, 4, 4], V)
� N :: 1..2, V :: {2, 3}
� V = 4, N :: 3..4

� Used to define discrete cost functions and different 
relations
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Resources

Time

ResourceLimit

cumulative([Tk, Tn, Tm], [Dk, Dn, Dm], [1, 1, 1], ResourceLimit)

����!�����	������������

� Execution interval which will always be occupied by a 
task.

Resources

Time

LST = max(T) LCT = min(T)+min(D)min(T)

LST < LCT
task
T :: 1..3,   D = 4

task
T :: 1..3,   D = 4

1 3 5 7
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Resources

Time

ResourceLimit

for each [ti, tj) 
for each taskn whose exec. interval overlaps with [ti, tj)

if (ResourceLimit - resource_usage < taskn(resources) )
Tn in { complement(ti - min(Dn) +1 .. tj - 1) }

check Dn ...       Resn...

����!�����	������������	1

����	�������

t1

t3

t2

est(t1) lct(t1)

�2	����	-�	!���	333

t3 cannot be between t1 and t2 iff
lct(t1) - est(t1) < D1 + D2 + D3

t3 cannot be before t1 and t2 iff
lct(t1) - est(t3) < D1 + D2 + D3
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� Martin-Shmoys algorithm with O(n2) complexity.

� Up phase
� for each unique lct we create a set

S = {t | LCT(t) <= lct} and make checking whether 
a task can be the first or before

� Down phase 
� similar but using est and checking whether a task 

can be the last one or after all tasks.

28

������	���������	/+���!�

  Execution time 
Processor Cost S1 S2 S3 S4 S5 S6 S7 S8 S9 

P1 4 2 2 1 1 1 1 3 - 1 
P2 5 3 1 1 3 1 2 1 2 1 
P3 2 1 1 2 - 3 1 4 1 4 

 

 

S1

S5

S2

S8

S6

S9

S3

S7

S4

� original MILP formulation- 47 timing 
variables, 225 binary (bus 153) 
and1081 constraints (bus 416)

� commercial linear programming 
package used to solve the problem 
(XLP, developed by XMP Software, 
Inc.)



15

%���!���	��	����	���	

�+�������	����

� Execution time
element(P1, [2, 3, 1], D1)
...
element(P9, [1, 1, 4], D4)

� Cost

(P1=1 ∨ P2=1 ∨ … ∨ P9=1) ⇔ C1,
…

(P1=6 ∨ P2=6 ∨ … ∨ P9=6) ⇔ C6,
Cost = 4*C1 + 4*C2 + 5*C3 + 5*C4 + 2*C5 + 2*C6.

30

������	���������	����!��

 
 
 
 

  Performance Performance optimization Cost optimization 
Design Cost (time 

units) 
MILP (s) CLP (s) B&B 

Nodes 
CLP (s) B&B Nodes 

 10 6 6438.00 0.43 84 0.55 92 
Bus 6 7 5371.80 0.53 114 0.68 144 

 5 15 3691.20 0.43 68 0.70 103 
 15 5 3732.00 0.43 20 1.67 125 

point-to-point 12 6 26710.20 1.42 98 2.18 169 
links 8 7 32320.20 1.00 58 2.59 198 

 7 8 4510.80 1.64 75 2.02 112 
 5 15 38501.20 1.50 32 1.48 77 
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  Performance Performance optimization Cost optimization 
Design Cost (time units) MILP (s) CLP 

(s) 
B&B 

Nodes 
CLP 
(s) 

B&B Nodes 

 28 6 6592.20 0.71 76 2.58 252 
 23 7 5371.80 1.07 193 1.94 266 

Bus 22 8 123252.60 0.95 124 14.85 856 
 21 10 316860.60 114.92 4 534 119.55 8 799 
 18 11 236724.00 88.23 7 015 2.37 477 
 17 12 138004.20 0.93 268 10.39 3 076 
 14 15 3581.40 0.54 22 9.89 3 076 
 38 5 - 0.56 24 2.08 107 
 30 6 - 0.99 59 3.75 155 

point-to-point 25 7 - 1.60 79 5.58 314 
links 23 8 - 1.82 57 3.21 184 

 22 10 - 4.50 84 59.25 855 
 19 11 - 27.34 794 101.03 2 851 
 18 12 - 97.72 2 686 8.66 1 047 
 14 15 - 1.18 14 4.95 328 
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FB1

IN

BMA

FIR

PRAE

DCT

Q

IQ IDCT REK FB2

C
96

553

64

96

96

96 96

96

96

96 96 96

Video Coding Algorithm H.261

C + Dc =< 2500
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Task Uni-
versal 

BMA 
array 

PAR1 DCT 
array 

FIR 
array 

BMA 
pipe 

FIR 
seq 

FIR 
pipe 

DCT 
seq 

DCT 
pipe 

IN - - - - - - - - - - 
FB1 - - - - - - - - - - 
BMA 7234 484 - - - 3617 - - - - 
FIR 7234 - - - 510 - 3461 1170 - - 
PRAE 1280 - 128 - - - - - - - 
DCT 12312 - - 132 - - - - 6156 474 
Q - - - - - - - - - - 
IQ - - - - - - - - - - 
IDCT 12312 - - 132 - - - - 6156 474 
REK 1536 - 256 - - - - - - - 
C 132 - - - - - - - - - 
FB2 - - - - - - - - - - 
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C1 C3 C2

P1
L1
P2

C3
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DC3
t

4

8
6
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The mars rover operates on very limited power supply. The power 
is given by solar panels. The power obtained from solar panels was 
measured at different temperatures and the results were the 
following: 14.9W at -40°C, 12.0W at -60°C and 9.0W at -80°C. 
There is a battery power source too, which gives maximal 10.0W 
and it is not replenishable energy so the battery power should be 
used as little as possible. The mars rover has 6 driving and 4 
steering motors, which need to be warmed up before respective 
driving and steering can be performed.

������!���	��	% ���	
���	)�����	�����		


����	�����������	�����������

At least 10s before next hazard detection 
starts

10sDriving (Drive1, Drive2)

At least 5s before driving5sSteering (Steer1, Steer2)

At least 10s before steering starts10sHazard detection (HD1 & HD2)

At least 5s and at most 50s before driving 
starts

5sHeating wheel motors 

(HWM1&2, HWM3&4, HWM5&6)

At least 5s and at most 50s before 
steering starts

5sHeating steering motors 

(HSM1&2, HSM3&4)

DurationOperation
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3.7W3.1W2.5WConstantCPU

7.3W6.1W5.1W10sHazard 
Detection

8.1W6.2W4.3W5sSteer

13.8W10.9W7.5W10sDrive

11.3W9.5W7.6W5sHeat two 
motors

Power -80°CPower -60°CPower -40°CDurationTask

%���!���

� Precedence constraints:

t_hd1 + d_hd1 � t_steer1,

…

t_steer1 + d_steer1 � t_drive1,

t_hwm12 � t_steer1 + 50,

� Power consumption constraints:

cumulative([t_hd1, …, th_sm12], 

[p_hd1, …, p_sm12], 

[d_hd1, …, d_sm12], Power)

� Optimize “Power”
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� Standard search uses depth-first-search with 
backtracking.

� Optimization uses branch-and-bound or similar 
methods.
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������� � �� �4� 6�
�����3� � � �� ��

������� � � � ��
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{1,2}
L ≥ 3

{1,3}
L ≥ 6

{1,4}
L ≥ 41

{1,2,3}
L ≥ 43

{1,2,3,4}
L = 88

{1,2,4}
L ≥ 8

{1,2,4,3}
L = 18

{1,3,2}
L ≥ 46

{1,3,4}
L ≥ 10

{1,3,4,2}
L = 18

{1}
L ≥ 0

������	� ���	�������
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� ������� ������� �����3� �������
������� �� 3� 2� ���

������� � �� �4� 6�
�����3� � � �� ��
������� � � � ��
�
 

{1}
L ≥ 0

{1,2}
L ≥ 3

{1,3}
L ≥ 6

{1,4}
L ≥ 41

{1,2,3}
L ≥ 43

{1,2,3,4}
L = 88

{1,2,4}
L ≥ 8

{1,2,4,3}
L = 18

{1,3,2}
L ≥ 46

{1,3,4}
L ≥ 10

{1,3,4,2}
L = 18

{1,2}
L ≥ 3

{1,3}
L ≥ 6
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[City1::2..4, City2::{1,3..4}, City3::{1..2,4}, City4::1..3]

� How to select order of variable assignment?
� dynamic vs. static
� criteria

� How to select  values to be assigned from variable’s 
domain?
� a single value
� sub-domain
� …

<����-!�	��!������

� Static and dynamic
� input order (static)
� first-fail principle (smallest size of the domain)
� smallest value in the domain
� largest value in the domain
� largest difference between the smallest and 

second smallest value in its domain
� smallest max value in the domain
� …
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� Single value
� minimum in the domain and then upwards
� maximum in the domain and then downwards
� middle and then towards smallest and largest
� random
� …

� Domain split
� split into two sub-domains
� split into N
� …

������	������������

� Partial enumeration algorithms (instead of labeling)
� Credit Search, 
� Limited Discrepancy Search (LDS).

� Assignment of subintervals instead of values to 
domain variables — possibly examines a bigger part 
of a solution space.

� Problem-dependent specific heuristics.

� Neighbourhood search...
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credit(T,
8,    % credits
10,
my_delete,
my_indomain,
3,    % backtracks
part(1,2)),

credit search

local search

initial credit = 8

4 12

1 1

solution

1

2

�������	�����������	������

min_max( lds ([X,Y,Z], 1, input_order, indomain), Cost)

X

Y

Z
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For each task:

Origin :: min..max
duration

Rest :: 0..duration-1,
Quotient :: 0..max,
Quotient*duration+Rest #= Origin.

Origin :: min..max
duration

Rest :: 0..duration-1,
Quotient :: 0..max,
Quotient*duration+Rest #= Origin.

labeling(Origins, Quotients) :-
labeling(Quotients, first_fail, indomain),
labeling(Origins, first_fail, indomain).

labeling(Origins, Quotients) :-
labeling(Quotients, first_fail, indomain),
labeling(Origins, first_fail, indomain).

Enumeration procedure:

1    2    3  4   5   6   7  8   9  10  11

1≤Origin ≤ 3 7≤Origin ≤ 9

4≤Origin ≤ 6 10≤Origin ≤ 11

Interval splitting

�������	���	����!������

� Advantages:
� focus on a specification of the problem, not on a 

solution method.
� unified framework for different algorithms to be 

used to solve a problem (by encapsulating them 
as constraints).

� easy definition of problems with many 
heterogeneous constraints.

� easy extension of a problem by adding new 
constraints.

� collaboration of solvers and distributed computing.
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� Limitations:
� NP-hard problems.
� often non-predictable behavior of a solver.
� difficult to define and add new constraints: 

� into existing systems — interface problems.

� new propagation algorithms need to be developed.

� difficult to match constraints with actual problems.

�
	������	������	�������

� SICStus Prolog

� CHIP from COSYTEC

� IF/Prolog

� ILOG

� Mozart/Oz

� Gnu Prolog

� JaCoP – Java based our own solver
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� Constraints archive
http://www.cs.unh.edu/ccc/archive

� Guide to constraints programming
http://kti.ms.mff.cuni.cz/~bartak/constraints

� Sicstus manual
http://www.sics.se/isl/sicstus/sicstus_toc.html

� Gnu Prolog
http://www.gnu.org/software/prolog/prolog.html

� Mozart/Oz
http://www.mozart-oz.org/

0����	���������

� Book
� K. Mariott and P. J. Stuckey Programming with 

Constraints: An Introduction, The MIT Press, 1998.

� Conferences
� Principles and Practice of Constraint Programming 

(CP)
� The Practical Application of Constraint Technologies 

and Logic Programming (PACLP)

� Journal
� Constraints (Kluwer Academic Publishers)
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� Kuchcinski, K., Embedded System Synthesis by Timing 
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System Synthesis, Antwerp, Belgium, September 17-19, 1997.
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� Kuchcinski, K., Constraints Driven Design Space Exploration for 
Distributed Embedded Systems, Journal of Systems 
Architecture, vol. 47, no. 3-4, pp. 241-261, 2001, Elsevier 
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� Executable specification (functional requirements):
� usually provided as interacting processes/tasks,
� very often multi-language specifications,
� can be simulated and verified,
� can be used to perform analysis, e.g, estimation.

� Specification languages: C, C++, VHDL, Verilog, 
SystemC, Esterel, SDL, etc.

� Set of (non-functional) design requirements (cost, 
speed, I/O rate, power consumption, etc.).

)�������
�� ���
��� ���
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� A set of system modules assigned to system 
components (CPU’s, DSP’s, ASIC’s, etc.).

� Communication modules.

� Each module can be further synthesized to hardware 
using high-level synthesis or compiled to software.



3

*+ !�+ ���,��
	��

Architecture
selection

Architecture
selection

Preliminary
design

Preliminary
design

Detailed ASIC
design

Detailed ASIC
design

Low-level
ASIC design
Low-level

ASIC design

SynthesisSynthesis

Detailed SW
design

Detailed SW
design

CompilationCompilation

PartitioningPartitioning

IntegrationIntegration

Behavioral
specification
Behavioral

specification

Architecture
selection

Architecture
selection

PartitioningPartitioning

High-level
synthesis
High-level
synthesis

CompilationCompilation

IntegrationIntegration

Traditional design
flow

HW/SW Co-design
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� Behavioral specification is given for the complete 
heterogeneous system, regardless of how different 
parts will be later implemented.

� Analysis techniques are provided; specially different 
estimation techniques.

� Synthesis tools are used to automatically explore a 
design space.
� high-level synthesis, RTL synthesis,
� compilers, cross-compilers,
� interface generators,
� etc.
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� Estimation of parameters such as size, cost, power 
consumption.

� Does not need to be very precise but has to be 
“consistent” — follows real design parameters.

� Usually 15%-20% inaccurate.

� Trade-off between accuracy and estimation time.

%� �
���� ���
����������
	���

.
���



� High-level specification is made before architecture 
selection and implementation decisions can be made 
more accurate (better exploration of architectures).

� A uniform description of HW and SW makes it 
possible to move parts of the systems between HW 
and SW.

� HW and SW development is moved closer and the 
integration cost is reduced.

� An early evaluation of system characteristics is 
possible.
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compilationcompilation

Specification

partitioningpartitioning
component
allocation

component
allocation

communication
synthesis

communication
synthesis

Design 
representation

HLSHLS compilationcompilation

Hw/Sw
implementation

low-level
synthesis
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2�0������3�4*��
port(IP1,IP2:in INTEGER; OP1,OP2:out INTEGER);
•  •  •
signal S1,S2,S3,S4,S5,S6:INTEGER;
P1 : process P3 : process P5 : process

• •  • •  •  • •  •  •
receive(IP1); receive(S4); receive(S1,S5);
•  •  • •  •  • •  •  •

send(S1,...); send(S2,...); send(S4,...);
•  •  • •  •  • •  •  •

send(S3,...); end process P3; end process P5;
•  •  •
receive(S6);
•  •  •

end process P1;

P2 : process P4 : process P6 : process
• •  • •  •  • •  •  •

receive(IP2); receive(S3); receive(S2);
•  •  • •  •  • •  •  •

receive(S1); send(S5,...,S6,...); send(OP1,...);
•  •  • •  •  • •  •  •

send(OP2,...); end process P4; end process P6;
•  •  •

end process P2
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P1 P5 P3

P4

P2

P6
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� Decides about the kind and number of components 
for implementation of the system

� processing elements: µprocesosrs, micro-
controllers, DSP’s, ASIP’s, ASIC’s, FPGA’s, etc.

� storage elements: memories, register files, 
registers, etc.

� communication devices: buses, point-to-point 
links, networks, etc.

� specialized I/O devices: A/D, D/A, frame grabbers, 
etc.
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� Functional partitioning  vs. structural partitioning.

� Abstraction level.

� Partitioning granularity (fine or course):
� modules,
� processes and procedures,
� instructions.

� Partitioning objective:
� performance,
� minimal communication,
� low power,
� combination of several criteria.

.$
�	�	��	����0$� ���

P1 P5 P3

P4

P2

P6

*+

�+
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� Creation of abstract communication channels by 
communication clustering.

� Communication refinement
� selection of communication lines width,
� protocol selection,
� etc.

� Interface generation:
� device drivers,
� communication hardware,
� etc.

��� � ��	�$�	���������
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P1 P5 P3

P4

P2

P6
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� Different types of design decisions
� selection of components, partitioning, 

assignments, scheduling, etc.
� decisions regarding runtime system done off-line 

or are postponed to runtime (e.g., static vs. 
runtime scheduling)

� Design decisions are mutually dependent

� Huge design space

��
	���/���� $�	��

� Uses internal representations which are usually 
based on graphs.

� Graph algorithms (shortest path, Hamiltonian circuit, 
topological sort, depth-first-search, breadth-first-
search, SAT, etc.).

� Optimization methods — (M)ILP, CLP, heuristics, etc.

� Tractable and intractable problems.

� Decidable and undecidable problems.

� Decision problems and combinatorial optimization 
problems.
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� Most of the problems which need to be solved in 
design automation are NP-complete or NP-hard.

� Usually only small problems can be solved exactly.

� Need for algorithms which do not guarantee optimal 
solutions but “good enough” solutions
� approximation algorithms — guarantee a solution 

with a cost that is within some margin of the 
optimum,

� heuristics — algorithms that are constructed 
based on “rules-of-thumb”; nothing can be said in 
advance about the quality of the result.
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Anti-lock brakes
Auto-focus cameras
Automatic teller machines
Automatic toll systems
Automatic transmission
Avionic systems
Battery chargers
Camcorders
Cell phones
Cell-phone base stations
Cordless phones
Cruise control
Curbside check-in systems
Digital cameras
Disk drives
Electronic card readers
Electronic instruments
Electronic toys/games
Factory control
Fax machines
Fingerprint identifiers
Home security systems
Life-support systems
Medical testing systems

Modems
MPEG decoders
Network cards
Network switches/routers
On-board navigation
Pagers
Photocopiers
Point-of-sale systems
Portable video games
Printers
Satellite phones
Scanners
Smart ovens/dishwashers
Speech recognizers
Stereo systems
Teleconferencing systems
Televisions
Temperature controllers
Theft tracking systems
TV set-top boxes
VCR’s, DVD players
Video game consoles
Video phones
Washers and dryers

Source: Embedded Systems Design: A Unified Hardware/Software 

Introduction, (c) 2000 Vahid/Givargis
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Execution deadlines,
Power consumption constraints,

:

Actuators

Sensors

Embedded
Real-Time

System
Environment
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� Computing systems embedded within electronic 
devices

� Hard to define. Nearly any computing system other 
than a desktop computer

� Billions of units produced yearly, versus millions of 
desktop units

� Perhaps 50 per household and per automobile

Source: Embedded Systems Design: A Unified Hardware/Software 

Introduction, (c) 2000 Vahid/Givargis
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� Non User-Programmable.

� Based on programmable components (e.g., Micro-
controllers, DSP's...) but often contain application 
specific hardware (IC's, ASIC's).

� Reactive Real-Time Systems: 
� React  to external environment,
� Maintain permanent interaction,
� Ideally never terminate,
� Are subject to external timing constraints (real-

time).
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� Sophisticated functionality.

� Real-time operation.

� Low manufacturing cost.

� Low power.

� Designed to tight deadlines by small teams.

� “Resource conscious” vs. “Unlimited resources” 
programming

� Assembly of “prefabricated 
components” often purchased from 
external vendors (“IP”)
� “black box” hierarchy

� Design & Verification at the System 
level
� rather than the logic level
� Interface and communication

� Great Importance of Software

µP

DSPC
o

m
s

Video Unit

custom

Graphics

software

����
���

�
�������

Source: Alberto Sangiovanni-Vincentelli, 35th DAC
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A/D CCD preprocessor Pixel processor D/A

JPEG codec Microcontroller Multiplier/Accum

DMA controller Display ctrl

Memory controller ISA bus interface UART LCD ctrl

Source: F. Vahid and T. Givargis, Embedded System Design: A Unified Hardware Software Approach
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� Autonomous system. 

� Real-time system.

� Image processing.

� Mission planning.

� Incorporation of GIS systems.

� Interface with ground operator.

� ...

http://www.ida.liu.se/ext/witas
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Component class Implements Compiler Specification

DSP processor Low data-rate DSP
Slow control loops
Appl. Spec. alg.

(Retargetable)
code generator
High level synth.

Assembly
C
DFL

Microcontroller User interface
Slow control loops

C compiler C

Hardware
accelerator

High data-rate DSP High level synth.
RT level synth.

C, DFL
VHDL

Communication
blocks and
memory

Internal & external
communication
Storage & buffering

Memory mgmt.
(A)synchronous
interface synth.

Data-sheets
STG

Others Usually FSMD’s
- clock generators
- DMA blocks

RT level synth.
Asynchronous
synth.

VHDL

Source: H. de Man, et. al. “Co-design of DSP Systems”, 
Hardware/Software Co-design, Kluwer 1995.
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� Hardware complexity.

� Heterogeneous systems containing hardware (both 
digital and analog) and software.

� Heterogeneous components (CPU’s, DSP’s, ASIC’s, 
buses, point-to-point links, etc.).

� Heterogeneous requirements — performance, cost, 
power consumption, etc.

� System-on-chip.

� Shorter design cycles required by time-to-market 
constraints.

� ...
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Design Complexity and Designer 
Productivity Gap

xxx

x
xx

x

21%/Yr. 
Productivity growth rate

x

58%/Yr. Complexity 
growth rate
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Source: Bryan Preas, Xerox PARC, 35th DAC
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� Software
� flexibility,
� reconfigurability, easy update, etc.,
� complex functionality,
� cost,
� ...

� Hardware
� speed,
� power consumption,
� cost in large volumes,
� ...
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� Need to be done using high-level specification, 
programming and hardware description languages —
not assembly languages and gate/transistor level 
design.

� Requires efficient design space exploration and 
synthesis/compilation tools.

� Different design requirements has to be taken into 
account, e.g., cost, performance, testability, quality of 
service, power consumption.

� Multi-language design framework.
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System Verification Processing Speeds

Source: Paul Clemente, Ron Crevier, Peter Runstadler “RTL and Behavioral
Synthesis A Case Study”, VHDL Times, vol. 5, no. 1.
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System Specification

Design
Model

Design and Technology
Constraints

DesignRefine Refine

Designer’s
Decisions

EstimationEstimation

PartitioningPartitioning

MappingMapping

SchedulingScheduling

.

.

.
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Design tools

�����	��#�����#�
�0����#�����

� Specification languages, such as UML, SDL.

� Programming languages, such as C, C++, Java, 
Esterel, assembly languages.

� Hardware description languages, such as VHDL, 
Verilog, SystemC.

� Example: combining SystemC and C++ gives unified 
simulation environment for hardware and software.
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� Cover several levels of design abstraction as well as 
behavioral and structural description domain.

� Contain typical features of programming languages, 
such as data types and program statements.

� Special features:

� time concept,

� structure description,

� parallelism.

� VHDL (IEEE standard), Verilog, SystemC.

�������(��������#�����

$������#����# �1�
� &

� Used to represent/model digital systems under 
design.

� Generated by a compiler from system specification or 
coded directly in the model.

� Represent the semantics, structure and timing of the 
system.

� Usually based on some kind of annotated graph 
representation.

� Used internally by design automation systems or by 
the modeler/designer.
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� Software translation into target code for a processor 
(real-time operating system might be used).

� Hardware synthesis — translation of a behavioral 
representation of a design into a structural one.

� Communication synthesis — generates hardware 
and software which interconnects system 
components.

0#�����������

cost

time

Pentium 4
ASIC

ARM
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Market window
time

Profit
� Need time for new 

product development,

� the biggest profit is in 
the market window 
time,

� missing the market 
window can be costly.

����#��

� Embedded systems are important class of electronic 
systems which can be found everywhere,

� Combine hardware and software solutions,

� Cover several engineering and research areas:
� microelectronics,
� real-time systems,
� software development,
� etc.

� Need careful design which optimizes different design 
parameters.
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Eugene C. Freuder

CONSTRAINTS, April 1997
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Synthesis of the following code

(inner loop of differential equation integrator)

while c do
begin

x1 := x + dx;
u1 := u - (3*x*u*dx);
y1 := y + u*dx;
c := x < a;
x := x1;  y := y1;  u := u1;

end;

$�����������	���	%���������

4

$�����������	���	%���������

3 x u dx 3 y u dx x dx

y1 c

x1 adx y

* * * *

**
u

-

u1

-

+

+

<

data-flow graph

3 x u dx 3 y u dx x dx

y1

c

x1 a

dx

* *

*

**

*
u

-

u1

- +

+

<

scheduled
data-flow graph

register 
allocation

x u y dx
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r1

r2

r3

r4

r5

r6

Constraints:

[r1,r2,r3,r4,r5,r6] :: 0..2,
r1 � r2, r1 � r3, r2 � r3,
r2 � r4, r3 � r4, r4 � r6,
r5 � r6.

&�������	
!!�������	��	

�!�(��	)������

� for all ri, rj which are not connected by an edge: 

ri � 1 ∨ r_j � 1

� The maximal clique can found by maximizing the 
following cost function:

cost = �i ri

r1

r2

r3

r4

r5

r6
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� All constraints are stored in the constraint store

� Consistency methods are applied to find inconsistent 
values and prune variables’ domains

� Different types of consistency methods:
� Node consistency
� Arc consistency
� Path consistency
� ...

r1

r2

r3

r4

r5

r6

� �

��

�

�

�

�

�����������	
���������

� Node consistency
� A network is node consistent if in each node 

domain each value is consistent with unary 
constraint (e.g., X > 7)

� Arc consistency
� A network is arc consistent if for each arc 

connecting variables Vi and Vj for each value in 
the domain of Vi there exist a value in the domain 
of Vj consistent with binary constraint (e.g., X > Y)
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� Example

0..10 0..10

V1 V2
>

V1<7

Not node consistent
Not arc consistent

1..6 0..5

V1 V2
>

V1<7

node consistent
arc consistent

*���	���	������

� Node, arc and path consistency are in general not 
complete (complete for some problems with particular 
structures)

� Complete algorithm: N-consistency for N variable 
problems � exponential complexity

� Example:

r1

r2

r3�

��

[r1,r2,r3] :: 0..1,
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� Solver is not complete and search for a solution is 
needed

1..6 0..5

V1 V2
>

V1<7

V1=1

1 0

V1 V2
>

V1<7

V2=0

V1=2

V2=0

����������	����������

� may specify partial information — need not uniquely 
specify the values of its variables,

� non-directional — typically one can infer a constraint 
on each present variable,

� declarative — specify relationship, not a procedure to 
enforce this relationship,

� additive — order of imposing constraints does not 
matter,

� rarely independent — typically they share variables.
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3 x u dx 3 y u dx x dx

y1 c

x1 adx y

* * * *

**
u

-

u1

-

+

+

<

������������

� for all opi and opj such that opi
before opj
Ti + Di � Tj

� for all opi and opj that can use 
the same resource
Ti + Di � Tj ∨ Tj + Dj � Ti ∨ Ri � Rj


��-!���

� Constraint propagation for

Ti + Di � Tj ∨ Tj +Dj � Ti ∨ Ri � Rj is weak

� Not all solvers support disjunctive constraints.
� Other solution (reified constraints):

Ti + Di � Tj ⇔ B1,

Tj +Dj � Ti ⇔ B2,

Ri � Rj ⇔ B3,

B1 + B2 + B3 � 1.
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resources

time
k

m

Tk + Dk � Tn ∨ Tn + Dn � Tk ∨ Rk � Rn
Tm + Dm � Tn ∨ Tm + Dm � Tn ∨ Rm � Rn

n

'!�-�!	�����������	

� Non-overlapping rectangles

� All knowledge in one ”place” – makes it possible to 
define good consistency methods (OR, mathematics, 
geometry, etc.)

� Specific algorithms for consistency – more efficient

Y

X

i

j diff2([ [Xi,Yi,DXi,DYi],
[Xj,Yj,DXj,DYj] ] )
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� diff2 constraint

Y

X

operation
Ri

Ti

duration (Di)

1

(time)

(resources)

diff2([ [T1, R1, D1, 1], [T2, R2, D2, 1]], ...)

������!���	/+���!�	�����������

T1 + 2 � T6, T2 + 2 � T6,
T3 + 2 � T7, T4 + 2 � T8,
T5 + 1 � T9, T6 + 2 � T10,
T7 + 2 � T11, T10 + 1 � T11,
diff2([ [T1,R1,2,1], [T2,R2,2,1], [T3,R3,2,1], 

[T4,R4,2,1], [T6,R6,2,1], [T7,R7,2,1], 
[T5,R5,1,1], [T8,R8,1,1], [T9,R9,1,1], 
[T10,R10,1,1], [T11,R11,1,1] ]).
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f.u.

&��������

diff2 for operations

diff2 for register

+ +

A := B + C
:

X := A + Y

A

� can be done together with or after functional 
units allocation/binding and scheduling,

time

registers

0����	���������	
��-!���	

�������	� ���	�����������

� High-level synthesis:
� Chaining, 
� Conditional execution, 
� Pipelined components, 
� Algorithmic pipelining,
� Switching activity reduction (power consumption)
� ...

� System design
� different aspects of design space exploration
� scheduling
� component assignment
� memory allocation/data assignment
� power/energy consumption
� ...
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µP/DSP ASIC Memory

Communication facility

Architecture

Task1

Task2

Task3

Task4

Specification

Mapping


��������!	�����������

�!�����

� Element constraints
� element(N, [X1, X2, ..., Xn], Value)

� propagation from N to Value
N=i � Value = Xi

� propagation from Value to N
Value = x � N=i and Xi = x ...

� Examples- element(N, [2, 3, 4, 4], V)
� N :: 1..2, V :: {2, 3}
� V = 4, N :: 3..4

� Used to define discrete cost functions and different 
relations
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Resources

Time

ResourceLimit

cumulative([Tk, Tn, Tm], [Dk, Dn, Dm], [1, 1, 1], ResourceLimit)

����!�����	������������

� Execution interval which will always be occupied by a 
task.

Resources

Time

LST = max(T) LCT = min(T)+min(D)min(T)

LST < LCT
task
T :: 1..3,   D = 4

task
T :: 1..3,   D = 4

1 3 5 7
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�����!�	-����

Resources

Time

ResourceLimit

for each [ti, tj) 
for each taskn whose exec. interval overlaps with [ti, tj)

if (ResourceLimit - resource_usage < taskn(resources) )
Tn in { complement(ti - min(Dn) +1 .. tj - 1) }

check Dn ...       Resn...

����!�����	������������	1

����	�������

t1

t3

t2

est(t1) lct(t1)

�2	����	-�	!���	333

t3 cannot be between t1 and t2 iff
lct(t1) - est(t1) < D1 + D2 + D3

t3 cannot be before t1 and t2 iff
lct(t1) - est(t3) < D1 + D2 + D3
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� Martin-Shmoys algorithm with O(n2) complexity.

� Up phase
� for each unique lct we create a set

S = {t | LCT(t) <= lct} and make checking whether 
a task can be the first or before

� Down phase 
� similar but using est and checking whether a task 

can be the last one or after all tasks.

28

������	���������	/+���!�

  Execution time 
Processor Cost S1 S2 S3 S4 S5 S6 S7 S8 S9 

P1 4 2 2 1 1 1 1 3 - 1 
P2 5 3 1 1 3 1 2 1 2 1 
P3 2 1 1 2 - 3 1 4 1 4 

 

 

S1

S5

S2

S8

S6

S9

S3

S7

S4

� original MILP formulation- 47 timing 
variables, 225 binary (bus 153) 
and1081 constraints (bus 416)

� commercial linear programming 
package used to solve the problem 
(XLP, developed by XMP Software, 
Inc.)
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� Execution time
element(P1, [2, 3, 1], D1)
...
element(P9, [1, 1, 4], D4)

� Cost

(P1=1 ∨ P2=1 ∨ … ∨ P9=1) ⇔ C1,
…

(P1=6 ∨ P2=6 ∨ … ∨ P9=6) ⇔ C6,
Cost = 4*C1 + 4*C2 + 5*C3 + 5*C4 + 2*C5 + 2*C6.

30

������	���������	����!��

 
 
 
 

  Performance Performance optimization Cost optimization 
Design Cost (time 

units) 
MILP (s) CLP (s) B&B 

Nodes 
CLP (s) B&B Nodes 

 10 6 6438.00 0.43 84 0.55 92 
Bus 6 7 5371.80 0.53 114 0.68 144 

 5 15 3691.20 0.43 68 0.70 103 
 15 5 3732.00 0.43 20 1.67 125 

point-to-point 12 6 26710.20 1.42 98 2.18 169 
links 8 7 32320.20 1.00 58 2.59 198 

 7 8 4510.80 1.64 75 2.02 112 
 5 15 38501.20 1.50 32 1.48 77 
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  Performance Performance optimization Cost optimization 
Design Cost (time units) MILP (s) CLP 

(s) 
B&B 

Nodes 
CLP 
(s) 

B&B Nodes 

 28 6 6592.20 0.71 76 2.58 252 
 23 7 5371.80 1.07 193 1.94 266 

Bus 22 8 123252.60 0.95 124 14.85 856 
 21 10 316860.60 114.92 4 534 119.55 8 799 
 18 11 236724.00 88.23 7 015 2.37 477 
 17 12 138004.20 0.93 268 10.39 3 076 
 14 15 3581.40 0.54 22 9.89 3 076 
 38 5 - 0.56 24 2.08 107 
 30 6 - 0.99 59 3.75 155 

point-to-point 25 7 - 1.60 79 5.58 314 
links 23 8 - 1.82 57 3.21 184 

 22 10 - 4.50 84 59.25 855 
 19 11 - 27.34 794 101.03 2 851 
 18 12 - 97.72 2 686 8.66 1 047 
 14 15 - 1.18 14 4.95 328 

 
 

32


�	/+���!�

FB1

IN

BMA

FIR

PRAE

DCT

Q

IQ IDCT REK FB2

C
96

553

64

96

96

96 96

96

96

96 96 96

Video Coding Algorithm H.261

C + Dc =< 2500
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Task Uni-
versal 

BMA 
array 

PAR1 DCT 
array 

FIR 
array 

BMA 
pipe 

FIR 
seq 

FIR 
pipe 

DCT 
seq 

DCT 
pipe 

IN - - - - - - - - - - 
FB1 - - - - - - - - - - 
BMA 7234 484 - - - 3617 - - - - 
FIR 7234 - - - 510 - 3461 1170 - - 
PRAE 1280 - 128 - - - - - - - 
DCT 12312 - - 132 - - - - 6156 474 
Q - - - - - - - - - - 
IQ - - - - - - - - - - 
IDCT 12312 - - 132 - - - - 6156 474 
REK 1536 - 256 - - - - - - - 
C 132 - - - - - - - - - 
FB2 - - - - - - - - - - 

 
 

������!���	� ���	%�����	

�����������
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���

���
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t

4

8
6

t

4

8
6
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P1 L1

C1 C3 C2

P1
L1
P2

C3
P1
L1
P2

DC3
t

4

8
6

t

4

8
6

DC2

DC3

P1 P2

P1 P2

DC1

�
	��
�� �����������

������ ����
���������������������������������
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P2

C2

DC2

DC3

DC2
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The mars rover operates on very limited power supply. The power 
is given by solar panels. The power obtained from solar panels was 
measured at different temperatures and the results were the 
following: 14.9W at -40°C, 12.0W at -60°C and 9.0W at -80°C. 
There is a battery power source too, which gives maximal 10.0W 
and it is not replenishable energy so the battery power should be 
used as little as possible. The mars rover has 6 driving and 4 
steering motors, which need to be warmed up before respective 
driving and steering can be performed.

������!���	��	% ���	
���	)�����	�����		


����	�����������	�����������

At least 10s before next hazard detection 
starts

10sDriving (Drive1, Drive2)

At least 5s before driving5sSteering (Steer1, Steer2)

At least 10s before steering starts10sHazard detection (HD1 & HD2)

At least 5s and at most 50s before driving 
starts

5sHeating wheel motors 

(HWM1&2, HWM3&4, HWM5&6)

At least 5s and at most 50s before 
steering starts

5sHeating steering motors 

(HSM1&2, HSM3&4)

DurationOperation
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����	�����������	�����������

3.7W3.1W2.5WConstantCPU

7.3W6.1W5.1W10sHazard 
Detection

8.1W6.2W4.3W5sSteer

13.8W10.9W7.5W10sDrive

11.3W9.5W7.6W5sHeat two 
motors

Power -80°CPower -60°CPower -40°CDurationTask

%���!���

� Precedence constraints:

t_hd1 + d_hd1 � t_steer1,

…

t_steer1 + d_steer1 � t_drive1,

t_hwm12 � t_steer1 + 50,

� Power consumption constraints:

cumulative([t_hd1, …, th_sm12], 

[p_hd1, …, p_sm12], 

[d_hd1, …, d_sm12], Power)

� Optimize “Power”
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9�9�:�9�:� 93:��9�:� 92:�96:�:

������

� Standard search uses depth-first-search with 
backtracking.

� Optimization uses branch-and-bound or similar 
methods.
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� ������� ������� �����3� �������
������� �� 3� 2� ���

������� � �� �4� 6�
�����3� � � �� ��

������� � � � ��
�
 

{1,2}
L ≥ 3

{1,3}
L ≥ 6

{1,4}
L ≥ 41

{1,2,3}
L ≥ 43

{1,2,3,4}
L = 88

{1,2,4}
L ≥ 8

{1,2,4,3}
L = 18

{1,3,2}
L ≥ 46

{1,3,4}
L ≥ 10

{1,3,4,2}
L = 18

{1}
L ≥ 0

������	� ���	�������

9��
	������!:

� ������� ������� �����3� �������
������� �� 3� 2� ���

������� � �� �4� 6�
�����3� � � �� ��
������� � � � ��
�
 

{1}
L ≥ 0

{1,2}
L ≥ 3

{1,3}
L ≥ 6

{1,4}
L ≥ 41

{1,2,3}
L ≥ 43

{1,2,3,4}
L = 88

{1,2,4}
L ≥ 8

{1,2,4,3}
L = 18

{1,3,2}
L ≥ 46

{1,3,4}
L ≥ 10

{1,3,4,2}
L = 18

{1,2}
L ≥ 3

{1,3}
L ≥ 6
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[City1::2..4, City2::{1,3..4}, City3::{1..2,4}, City4::1..3]

� How to select order of variable assignment?
� dynamic vs. static
� criteria

� How to select  values to be assigned from variable’s 
domain?
� a single value
� sub-domain
� …

<����-!�	��!������

� Static and dynamic
� input order (static)
� first-fail principle (smallest size of the domain)
� smallest value in the domain
� largest value in the domain
� largest difference between the smallest and 

second smallest value in its domain
� smallest max value in the domain
� …
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� Single value
� minimum in the domain and then upwards
� maximum in the domain and then downwards
� middle and then towards smallest and largest
� random
� …

� Domain split
� split into two sub-domains
� split into N
� …

������	������������

� Partial enumeration algorithms (instead of labeling)
� Credit Search, 
� Limited Discrepancy Search (LDS).

� Assignment of subintervals instead of values to 
domain variables — possibly examines a bigger part 
of a solution space.

� Problem-dependent specific heuristics.

� Neighbourhood search...
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credit(T,
8,    % credits
10,
my_delete,
my_indomain,
3,    % backtracks
part(1,2)),

credit search

local search

initial credit = 8

4 12

1 1

solution

1

2

�������	�����������	������

min_max( lds ([X,Y,Z], 1, input_order, indomain), Cost)

X

Y

Z
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For each task:

Origin :: min..max
duration

Rest :: 0..duration-1,
Quotient :: 0..max,
Quotient*duration+Rest #= Origin.

Origin :: min..max
duration

Rest :: 0..duration-1,
Quotient :: 0..max,
Quotient*duration+Rest #= Origin.

labeling(Origins, Quotients) :-
labeling(Quotients, first_fail, indomain),
labeling(Origins, first_fail, indomain).

labeling(Origins, Quotients) :-
labeling(Quotients, first_fail, indomain),
labeling(Origins, first_fail, indomain).

Enumeration procedure:

1    2    3  4   5   6   7  8   9  10  11

1≤Origin ≤ 3 7≤Origin ≤ 9

4≤Origin ≤ 6 10≤Origin ≤ 11

Interval splitting

�������	���	����!������

� Advantages:
� focus on a specification of the problem, not on a 

solution method.
� unified framework for different algorithms to be 

used to solve a problem (by encapsulating them 
as constraints).

� easy definition of problems with many 
heterogeneous constraints.

� easy extension of a problem by adding new 
constraints.

� collaboration of solvers and distributed computing.
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� Limitations:
� NP-hard problems.
� often non-predictable behavior of a solver.
� difficult to define and add new constraints: 

� into existing systems — interface problems.

� new propagation algorithms need to be developed.

� difficult to match constraints with actual problems.

�
	������	������	�������

� SICStus Prolog

� CHIP from COSYTEC

� IF/Prolog

� ILOG

� Mozart/Oz

� Gnu Prolog

� JaCoP – Java based our own solver
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� Constraints archive
http://www.cs.unh.edu/ccc/archive

� Guide to constraints programming
http://kti.ms.mff.cuni.cz/~bartak/constraints

� Sicstus manual
http://www.sics.se/isl/sicstus/sicstus_toc.html

� Gnu Prolog
http://www.gnu.org/software/prolog/prolog.html

� Mozart/Oz
http://www.mozart-oz.org/

0����	���������

� Book
� K. Mariott and P. J. Stuckey Programming with 

Constraints: An Introduction, The MIT Press, 1998.

� Conferences
� Principles and Practice of Constraint Programming 

(CP)
� The Practical Application of Constraint Technologies 

and Logic Programming (PACLP)

� Journal
� Constraints (Kluwer Academic Publishers)
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� Kuchcinski, K., Embedded System Synthesis by Timing 
Constraints Solving, Proc. 10th International Symposium on 
System Synthesis, Antwerp, Belgium, September 17-19, 1997.

� Gruian, F. and Kuchcinski, K., Operation Binding and 
Scheduling for Low Power Using Constraint Logic 

Programming, Proc. 24th Euromicro Conference, Workshop on 
Digital System Design, Västerås, Sweden, August 25-27, 1998.

� Kuchcinski, K. and Wolinski, Ch., Global Approach to 
Assignment and Scheduling of Complex Behaviours based on 
HCDG and Constraint Programming, Journal of Systems 
Architecture, 2003, Elsevier Science.

��!�����	
�����	9����;�:

� Kuchcinski, K., Constraints Driven Design Space Exploration for 
Distributed Embedded Systems, Journal of Systems 
Architecture, vol. 47, no. 3-4, pp. 241-261, 2001, Elsevier 
Science.

� Szymanek, R. and Kuchcinski, K., A Constructive Algorithm for 
Memory-Aware Task Assignment and Scheduling, Proc. 9th 
International Symposium on Hardware/Software Codesign, 
Copenhagen, Denmark, Apr. 2001.

� Szymanek, R. and Kuchcinski, K.,  Partial Assignment 
Technique for Task Graph Scheduling, 40th DAC, Anaheim, 
USA, June 2003.

� Kuchcinski, K. Constraint-driven scheduling and resource 
assignment, ACM Trans. on Design Automation of Electronic 
Systems, vol. 8, no. 3, pp. 355-383, 2003.
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� Executable specification (functional requirements):
� usually provided as interacting processes/tasks,
� very often multi-language specifications,
� can be simulated and verified,
� can be used to perform analysis, e.g, estimation.

� Specification languages: C, C++, VHDL, Verilog, 
SystemC, Esterel, SDL, etc.

� Set of (non-functional) design requirements (cost, 
speed, I/O rate, power consumption, etc.).

)�������
�� ���
��� ���
	��

� A set of system modules assigned to system 
components (CPU’s, DSP’s, ASIC’s, etc.).

� Communication modules.

� Each module can be further synthesized to hardware 
using high-level synthesis or compiled to software.
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Architecture
selection

Architecture
selection

Preliminary
design

Preliminary
design

Detailed ASIC
design

Detailed ASIC
design

Low-level
ASIC design
Low-level

ASIC design

SynthesisSynthesis

Detailed SW
design

Detailed SW
design

CompilationCompilation

PartitioningPartitioning

IntegrationIntegration

Behavioral
specification
Behavioral

specification

Architecture
selection

Architecture
selection

PartitioningPartitioning

High-level
synthesis
High-level
synthesis

CompilationCompilation

IntegrationIntegration

Traditional design
flow

HW/SW Co-design

-$
	����$
$���
	
�	�
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�����������

� Behavioral specification is given for the complete 
heterogeneous system, regardless of how different 
parts will be later implemented.

� Analysis techniques are provided; specially different 
estimation techniques.

� Synthesis tools are used to automatically explore a 
design space.
� high-level synthesis, RTL synthesis,
� compilers, cross-compilers,
� interface generators,
� etc.
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� Estimation of parameters such as size, cost, power 
consumption.

� Does not need to be very precise but has to be 
“consistent” — follows real design parameters.

� Usually 15%-20% inaccurate.

� Trade-off between accuracy and estimation time.

%� �
���� ���
����������
	���

.
���



� High-level specification is made before architecture 
selection and implementation decisions can be made 
more accurate (better exploration of architectures).

� A uniform description of HW and SW makes it 
possible to move parts of the systems between HW 
and SW.

� HW and SW development is moved closer and the 
integration cost is reduced.

� An early evaluation of system characteristics is 
possible.
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compilationcompilation

Specification

partitioningpartitioning
component
allocation

component
allocation

communication
synthesis

communication
synthesis

Design 
representation

HLSHLS compilationcompilation

Hw/Sw
implementation

low-level
synthesis

����	�	�$�	����0$� ���

2�0������3�4*��
port(IP1,IP2:in INTEGER; OP1,OP2:out INTEGER);
•  •  •
signal S1,S2,S3,S4,S5,S6:INTEGER;
P1 : process P3 : process P5 : process

• •  • •  •  • •  •  •
receive(IP1); receive(S4); receive(S1,S5);
•  •  • •  •  • •  •  •

send(S1,...); send(S2,...); send(S4,...);
•  •  • •  •  • •  •  •

send(S3,...); end process P3; end process P5;
•  •  •
receive(S6);
•  •  •

end process P1;

P2 : process P4 : process P6 : process
• •  • •  •  • •  •  •

receive(IP2); receive(S3); receive(S2);
•  •  • •  •  • •  •  •

receive(S1); send(S5,...,S6,...); send(OP1,...);
•  •  • •  •  • •  •  •

send(OP2,...); end process P4; end process P6;
•  •  •

end process P2
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P1 P5 P3

P4

P2

P6

.
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� Decides about the kind and number of components 
for implementation of the system

� processing elements: µprocesosrs, micro-
controllers, DSP’s, ASIP’s, ASIC’s, FPGA’s, etc.

� storage elements: memories, register files, 
registers, etc.

� communication devices: buses, point-to-point 
links, networks, etc.

� specialized I/O devices: A/D, D/A, frame grabbers, 
etc.
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� Functional partitioning  vs. structural partitioning.

� Abstraction level.

� Partitioning granularity (fine or course):
� modules,
� processes and procedures,
� instructions.

� Partitioning objective:
� performance,
� minimal communication,
� low power,
� combination of several criteria.

.$
�	�	��	����0$� ���

P1 P5 P3

P4

P2

P6

*+

�+
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� Creation of abstract communication channels by 
communication clustering.

� Communication refinement
� selection of communication lines width,
� protocol selection,
� etc.

� Interface generation:
� device drivers,
� communication hardware,
� etc.

��� � ��	�$�	���������
	
�

�0$� ���

P1 P5 P3

P4

P2

P6
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� Different types of design decisions
� selection of components, partitioning, 

assignments, scheduling, etc.
� decisions regarding runtime system done off-line 

or are postponed to runtime (e.g., static vs. 
runtime scheduling)

� Design decisions are mutually dependent

� Huge design space

��
	���/���� $�	��

� Uses internal representations which are usually 
based on graphs.

� Graph algorithms (shortest path, Hamiltonian circuit, 
topological sort, depth-first-search, breadth-first-
search, SAT, etc.).

� Optimization methods — (M)ILP, CLP, heuristics, etc.

� Tractable and intractable problems.

� Decidable and undecidable problems.

� Decision problems and combinatorial optimization 
problems.
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� Most of the problems which need to be solved in 
design automation are NP-complete or NP-hard.

� Usually only small problems can be solved exactly.

� Need for algorithms which do not guarantee optimal 
solutions but “good enough” solutions
� approximation algorithms — guarantee a solution 

with a cost that is within some margin of the 
optimum,

� heuristics — algorithms that are constructed 
based on “rules-of-thumb”; nothing can be said in 
advance about the quality of the result.
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Anti-lock brakes
Auto-focus cameras
Automatic teller machines
Automatic toll systems
Automatic transmission
Avionic systems
Battery chargers
Camcorders
Cell phones
Cell-phone base stations
Cordless phones
Cruise control
Curbside check-in systems
Digital cameras
Disk drives
Electronic card readers
Electronic instruments
Electronic toys/games
Factory control
Fax machines
Fingerprint identifiers
Home security systems
Life-support systems
Medical testing systems

Modems
MPEG decoders
Network cards
Network switches/routers
On-board navigation
Pagers
Photocopiers
Point-of-sale systems
Portable video games
Printers
Satellite phones
Scanners
Smart ovens/dishwashers
Speech recognizers
Stereo systems
Teleconferencing systems
Televisions
Temperature controllers
Theft tracking systems
TV set-top boxes
VCR’s, DVD players
Video game consoles
Video phones
Washers and dryers

Source: Embedded Systems Design: A Unified Hardware/Software 

Introduction, (c) 2000 Vahid/Givargis


���
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Execution deadlines,
Power consumption constraints,

:

Actuators

Sensors

Embedded
Real-Time

System
Environment

�� ��������	
�	����
�������������� � ��
����� ��	�����	
�����	��	��
����������
������������ ��	����
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� Computing systems embedded within electronic 
devices

� Hard to define. Nearly any computing system other 
than a desktop computer

� Billions of units produced yearly, versus millions of 
desktop units

� Perhaps 50 per household and per automobile

Source: Embedded Systems Design: A Unified Hardware/Software 

Introduction, (c) 2000 Vahid/Givargis
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� Non User-Programmable.

� Based on programmable components (e.g., Micro-
controllers, DSP's...) but often contain application 
specific hardware (IC's, ASIC's).

� Reactive Real-Time Systems: 
� React  to external environment,
� Maintain permanent interaction,
� Ideally never terminate,
� Are subject to external timing constraints (real-

time).
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� Sophisticated functionality.

� Real-time operation.

� Low manufacturing cost.

� Low power.

� Designed to tight deadlines by small teams.

� “Resource conscious” vs. “Unlimited resources” 
programming

� Assembly of “prefabricated 
components” often purchased from 
external vendors (“IP”)
� “black box” hierarchy

� Design & Verification at the System 
level
� rather than the logic level
� Interface and communication

� Great Importance of Software

µP

DSPC
o

m
s

Video Unit

custom

Graphics

software

����
���

�
�������

Source: Alberto Sangiovanni-Vincentelli, 35th DAC
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A/D CCD preprocessor Pixel processor D/A

JPEG codec Microcontroller Multiplier/Accum

DMA controller Display ctrl

Memory controller ISA bus interface UART LCD ctrl

Source: F. Vahid and T. Givargis, Embedded System Design: A Unified Hardware Software Approach
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� Autonomous system. 

� Real-time system.

� Image processing.

� Mission planning.

� Incorporation of GIS systems.

� Interface with ground operator.

� ...

http://www.ida.liu.se/ext/witas
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Component class Implements Compiler Specification

DSP processor Low data-rate DSP
Slow control loops
Appl. Spec. alg.

(Retargetable)
code generator
High level synth.

Assembly
C
DFL

Microcontroller User interface
Slow control loops

C compiler C

Hardware
accelerator

High data-rate DSP High level synth.
RT level synth.

C, DFL
VHDL

Communication
blocks and
memory

Internal & external
communication
Storage & buffering

Memory mgmt.
(A)synchronous
interface synth.

Data-sheets
STG

Others Usually FSMD’s
- clock generators
- DMA blocks

RT level synth.
Asynchronous
synth.

VHDL

Source: H. de Man, et. al. “Co-design of DSP Systems”, 
Hardware/Software Co-design, Kluwer 1995.
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� Hardware complexity.

� Heterogeneous systems containing hardware (both 
digital and analog) and software.

� Heterogeneous components (CPU’s, DSP’s, ASIC’s, 
buses, point-to-point links, etc.).

� Heterogeneous requirements — performance, cost, 
power consumption, etc.

� System-on-chip.

� Shorter design cycles required by time-to-market 
constraints.

� ...
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Design Complexity and Designer 
Productivity Gap
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21%/Yr. 
Productivity growth rate
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58%/Yr. Complexity 
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Source: Bryan Preas, Xerox PARC, 35th DAC
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� Software
� flexibility,
� reconfigurability, easy update, etc.,
� complex functionality,
� cost,
� ...

� Hardware
� speed,
� power consumption,
� cost in large volumes,
� ...
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� Need to be done using high-level specification, 
programming and hardware description languages —
not assembly languages and gate/transistor level 
design.

� Requires efficient design space exploration and 
synthesis/compilation tools.

� Different design requirements has to be taken into 
account, e.g., cost, performance, testability, quality of 
service, power consumption.

� Multi-language design framework.

,�����#�����	�/���)���� �
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System Verification Processing Speeds

Source: Paul Clemente, Ron Crevier, Peter Runstadler “RTL and Behavioral
Synthesis A Case Study”, VHDL Times, vol. 5, no. 1.
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System Specification

Design
Model

Design and Technology
Constraints

DesignRefine Refine

Designer’s
Decisions

EstimationEstimation

PartitioningPartitioning

MappingMapping

SchedulingScheduling

.

.

.

�����	�)
"� ���)(�	���

Design tools

�����	��#�����#�
�0����#�����

� Specification languages, such as UML, SDL.

� Programming languages, such as C, C++, Java, 
Esterel, assembly languages.

� Hardware description languages, such as VHDL, 
Verilog, SystemC.

� Example: combining SystemC and C++ gives unified 
simulation environment for hardware and software.
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� Cover several levels of design abstraction as well as 
behavioral and structural description domain.

� Contain typical features of programming languages, 
such as data types and program statements.

� Special features:

� time concept,

� structure description,

� parallelism.

� VHDL (IEEE standard), Verilog, SystemC.

�������(��������#�����

$������#����# �1�
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� Used to represent/model digital systems under 
design.

� Generated by a compiler from system specification or 
coded directly in the model.

� Represent the semantics, structure and timing of the 
system.

� Usually based on some kind of annotated graph 
representation.

� Used internally by design automation systems or by 
the modeler/designer.
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� Software translation into target code for a processor 
(real-time operating system might be used).

� Hardware synthesis — translation of a behavioral 
representation of a design into a structural one.

� Communication synthesis — generates hardware 
and software which interconnects system 
components.

0#�����������

cost

time

Pentium 4
ASIC

ARM



13

����������������*�#��	���

0#���# ����������#��

5555

65656565

75757575

85858585

95959595

� ����� ����� ����� ����

��������������������

1 � 1 � 1 � 1 � 

6666

1 � 1 � 1 � 1 � 

7777

1 � 1 � 1 � 1 � 

8888

1 � 1 � 1 � 1 � 

9999

'

�9'

�9'

�9'

�9

'

�7'

�7'

�7'

�7

'

�9'

�9'

�9'

�9

'

�8'

�8'

�8'

�8

'

�7'

�7'

�7'

�7

'

�6'

�6'

�6'

�6

���������#���
"� ��#����

5555

65656565

75757575

85858585

95959595

����
����
����
����
 ����������������

�0��0��0��0�

�0��0��0��0�

��0��0��0��0

'�,�'�,�'�,�'�,�



14

*���)��)�#�����������#���

Market window
time

Profit
� Need time for new 

product development,

� the biggest profit is in 
the market window 
time,

� missing the market 
window can be costly.

����#��

� Embedded systems are important class of electronic 
systems which can be found everywhere,

� Combine hardware and software solutions,

� Cover several engineering and research areas:
� microelectronics,
� real-time systems,
� software development,
� etc.

� Need careful design which optimizes different design 
parameters.
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