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Abstract

In this paper a unified approach of lower bound
functional area and cycle budget estimations is
presented to predict area–delay characteristics of
designs at system level. The estimations are mainly
based on relaxing precedence constraints in a
behavioral design description and are the most
accurate estimations reported to date.

1. Introduction

In high–level synthesis, a data path consisting of mod-
ules (i.e. functional units), registers and interconnec-
tion units is synthesized from a behavioral design
description [McFa90]. Such a description is repre-
sented by a data flow graph (DFG), which is a transla-
tion of an algorithmic specification in a hardware
description language [Eijnd92]. The ability to predict
the area–delay characteristics of designs without
actually implementing them is important in producing
quality designs in a reasonable time, and is therefore an
important part of an (interactive) system design envi-
ronment [Fleu93]. If a design will be part of a larger
system, then it is important to select one or more ’good’
points out of the design space without synthesizing all
possibilities. So an accurate lower bound area–delay
curve can speed up the design space search and can
furthermore be used to evaluate the quality of a design.

Previous approaches ([Chen91], [Jain92], [Shar93],
[Timm93a]) determine a lower bound estimation of the
module set with minimal area for each possible number
of cycle steps. For a full area–delay curve the number
of these estimations and hence the CPU time can
become rather large. For a full design space exploration
it should furthermore be possible to select freely from
unrestricted libraries containing module types with a
large variety in delay, area and so on for each operation
type (instead of an one–to–one mapping of operation
types to module types). The NEAT (New Eindhoven
Architectural synthesis Toolbox) system is capable of
performing area estimations using such libraries
[Timm93a]. However, unrestricted libraries with their
range of delays for each operation type also increase the
design space and the total number of area estimations.

The area estimations will often lead to the same module
set for different time constraints. Based on this observa-
tion we present a unified approach of lower bound area
and cycle budget estimations to predict the area–delay
characteristics of a design (see figure 1). The approach
starts with the derivation of the smallest module set
possible and the lower bound on the number of cycles
for that module set. [Rim92], [Shar93] and [Timm93b]
give approaches to estimate a lower bound on the cycle
budget for a given module set. The next step consists of
decrementing the number of cycles and determining
the corresponding lower bound module set. For this
new module set the lower bound on the number of
cycles is derived. The process is repeated until the
smallest number of cycles possible has been reached. In
this approach (which is implemented in the NEAT
system) each module set is derived only once which
leads to a run time efficient prediction of the area–delay
curve.

Fig 1: Fast Area–Delay Curve Prediction.
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The cycle budget estimation is also a partial check for
the feasibility of the derived module sets. If the lower
bound estimation of the cycle budget exceeds the num-
ber of cycles for which the module set was derived, then
the module set cannot be correct. In that case the
module set can be reviewed until the lower bound
estimation of the cycle budget does not exceed the time
constraint anymore. This additional and novel analysis
can improve the accuracy of the functional area
estimation considerably.
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The remaining paper starts with some definitions in
section 2. The lower bound module selection and the
lower bound cycle budget estimation approaches of the
NEAT system are presented in section 3 and section 4.
In section 5 adaptations are given in case a selected
module set turns out to be infeasible. In section 6
experiments and results are presented.

2. Definitions

A DFG is a tuple (V, E), where V is the set of nodes
(operations) and E the set of edges representing depen-
dencies between operations. T is the set of available
cycle steps. Type is the set of operation types and
τ: V → Type is the mapping from an operation to its
type. L is a set of module types and µ: P(Type) → P(L)
is a mapping from operation types to module types
(P() denotes the power set). µ(ts) returns the module
types which can implement operations with a type from
ts ∈  P(Type). area: L → � returns the area of a module
type. n: L → � returns the number of selected modules
of some type. M(i) is the selected module set for i ∈ �

cycles and lb_area: � → � returns the corresponding
lower bound functional area.

d: L → �+ describes the number of cycles a module
type needs to execute an operation. dii: L → �+ returns
the data introduction interval (DII) of a module type.
The DII is the minimal number of cycles required
between the data arrivals for two executions. For
simplicity it is assumed that the delays of a module are
equal for all its operation types (the same holds for the
DIIs); the presented method is however not restricted
to the assumption made.

The ASAP (as soon as possible) value of an operation
is the first cycle its execution could start, while the
ALAP (as late as possible) value is the last cycle such
that the execution of the operation must be completed
afterwards. The operation execution interval OEI: V →
P(T) describes for each operation the set of cycles in
which it can be executed. Initially  this set is equal to the
cycles in the [ASAP, ALAP] interval assuming unlim-
ited resources (so each operation is mapped on the
module type with the smallest possible delay).

3. Lower bound module selection

The lower bound module selection is mainly based on
relaxing the precedence relations of the operations in a
DFG. The objective of module selection is to select a
module set with minimal cost (i.e. minimal area) for a
given time constraint and is NP–complete if the prece-
dence constraints are taken into account [Garey79].
After relaxing the precedence constraints the module
selection problem is ’easier’ to solve. It can then be
stated as finding the minimal set of modules needed to
schedule the operations within their initial OEIs.

In this paper for the first time an approach will be
presented which solves the relaxed module selection
problem in polynomial time for trivial  module libraries
(i.e. libraries in which each operation type can be
mapped on only one module type). The approaches of
[Chen91], [Jain92] and [Shar93] (which handle only
trivial libraries) do not guarantee that the operations
can be scheduled within their initial OEIs with the
selected module set and are therefore less accurate.

For unrestricted libraries the relaxed module selection
problem is also NP–complete. The problem of finding
the optimal module set for operations with fixed inter-
vals on two types of modules can be identified as a
special case of the relaxed module selection problem,
and is proven to be NP–complete [Naka82]. However,
we formulate a lower bound module selection problem
as a very run time efficient mixed integer linear
programming (MILP) problem. The approach tries to
find bottlenecks in a DFG with respect to the module
area needed, and formulates constraints for these
bottlenecks. The object function of the MILP module
selection problem is to minimize the function
representing the total functional area:

�
l � L

(area(l)� n(l)).

Only the variables denoting the number of selected
modules have to be integral in the MILP formulation
and the number of constraints is small. The run time
efficiency of solving this MILP problem is therefore
high and depends mainly upon the size of the library
and not on the size of the DFG. Furthermore, a MILP
solver can always come up with a feasible (but not
necessarily optimal lower bound) solution just by
ceiling the integer variables. In this way the approach
can always come up with a solution within acceptable
run times. In case of a trivial library the MILP problem
can be solved in polynomial time because ceiling the
integer variables always leads to the optimal solution.

In the following subsections different constraint sets to
determine a lower bound module set for a given time
constraint are discussed (see also [Timm93a] for a more
thorough discussion of the module selection approach).
The module set with the smallest area possible can be
determined with the following set of constraints:

�
t � Type

: �
l � �({t})

n(l) � 1.

3.1. Distribution constraints

Consider the example in figure 2 with a budget of 4
cycles. [Jain92] and [Chen91] estimate the number of
modules needed from a trivial library, while assuming
that all cycles are available to perform any operation.
There are 4 additions and an adder can perform 4 addi-
tions within the time constraint, so the result of their



estimation is 1 adder. Those approaches only guarantee
that the operations can be scheduled within the cycle
budget but not within their execution intervals, which
is a stronger relaxation of the original module selection
problem than in our approach.

The execution intervals of v1, v2 and v3 show that 3
additions must be executed within 2 cycles, so at least
2 adders are needed. These 3 intervals form a so called
’distribution interval’. Distribution intervals can be
derived from execution intervals as follows: if two
execution intervals overlap they are joined into a new
interval which is the union of the former two. The
example shows that the notion of distribution intervals
already leads to a more accurate estimation than the
approaches of [Jain92] and [Chen91].
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Fig 2: Example DFG, library and OEIs.

The corresponding constraints try to enforce the
selection of sufficient module ’capacity’ to perform the
operations in the distribution intervals. For each (set of)
operation type(s) only the interval with the highest
average of operations per cycle step is of interest. This
interval is called the had–interval (highest average
distribution interval). All other intervals normally need
equal or less module capacity and are therefore not
considered in the MILP formulation.

To formulate the MILP constraints, the ’number of
preliminary mappings’ and the ’capacity’ of a module
type have to be defined. The capacity denotes the
number of operations a module can execute within an
interval. Because several module types can be selected
for operations in an interval, the number of operations
mapped on each type must be given. These numbers are
preliminary, as the exact mappings are determined later
on in the synthesis trajectory by a scheduler. The formal
definitions and constraints are:

DEFINITION  1 [NUMBER  OF PRELIMINARY  MAPPINGS] .

m: L x P(Type) x Type → � is a function describing the
number of preliminary mappings to a module type in a
had–interval; m(alu, {+, *, –}, +) is the number of
additions mapped to the module type alu in the had–
interval of the operation type set {+, *, –}.

DEFINITION  2 [CAPACITY  OF A MODULE  TYPE].

Let l ∈  L and e ∈  [T, T]. cap: L x [T, T] → � is the
function which describes the number of operations a
module of type l can execute in an interval e:

cap(l, e) = 
|e|� d(l) � dii(l)

dii(l)
.

Figure 3a shows the fifth order wave digital filter from
[DeWi85]. During the execution of the fifth addition
(operation 14), no other operation can be executing.
Such operations can be identified by the fact that their
initial OEIs do not overlap with the initial OEI of any
other operation in case the time constraint is as tight as
possible. As soon as the fifth addition is in the same
distribution interval as any of its succeeding additions,
there will be a ’hole’ in that distribution interval which
is as least as large as the minimal delay of a multiplica-
tion. During the hole no addition can be performed and
the hole will occur after the fifth addition is executed.
Such holes can be incorporated in the module selection
by changing the capacity of a module type. The
calculation of the capacity is changed by decreasing the
available number of cycles |e| in an interval e ∈  [T, T]
with the minimal number of cycles of the hole.

CONSTRAINT  SET 1A.

Let ts ∈  P(Type), t ∈  ts and no(ts, t) be the number of
operations v ∈ V with τ(v) = t within the had–interval
e of the operation type set ts. Then the following
constraints must always be valid:

�
ts� P(Type)

�
t � ts

: 	
l � �({t})

m(l, ts, t) � no(ts, t),

�
ts� P(Type)

�
l � �(ts)

: 	
t � ts | t� ��1({l})

m(l, ts, t) � cap(l, e)� n(l).

REMARKS.  The variables n(l) are the only integer
variables in the above and the following constraint sets.
If for a set of operation types not all types are present
in the had–interval or there is no module type which can
perform all these operation types, then the correspond-
ing constraints have no impact at all and can be omitted.

The execution interval of each operation is of course an
upperbound for its execution time, a condition not yet
taken care of. The following constraint set takes this
condition into account:

CONSTRAINT  SET 1B.

Let ts ∈  P(Type), t ∈  ts, i ∈  �+ and let noo(ts, t, i) be
the number of operations v ∈ V, τ(v) = t, |OEI(v)| ≤ i
within the had–interval e of the operation type set ts.
Then the following constraints must always be valid:

�
ts� P(Type)

�
t � ts

�
i � [1, 2, ..., |e|]

:

	
l � �({t}) | d(l) � i

m(l, ts, t) � noo(ts, t, i).



REMARKS.  Many of the constraints of set 1b are super-
fluous and can be omitted when: the left hand side is
equal to the left hand side of another constraint, while
the right hand side of the other constraint is equal or
larger; or when the right hand sides are equal, while the
left hand side of the other constraint is a subset.

3.2. Fixed operation constraints

For operations which always occupy a module in a cer-
tain cycle step new constraints can be derived. As can
be seen in figure 2, the operations v1 and v2 will always
be scheduled in cycle 0, so there are at least two adders
needed. The constraint set describing fixed operations
can be formalized as:

CONSTRAINT  SET 2.

Let ts ∈  P(Type), i ∈  �+ and nof(ts, i) be the maximal
number of operations v ∈  V, τ(v) ∈  ts, |OEI(v)|≤ i,
which always occupy a module in the same cycle step.
Then the following constraints must always be valid
(many constraints can be omitted in the same way as
constraints of set 1b):

 �
ts	 P(Type)

�
i 	 [1, |T|]

: �
l 	 �(ts) | d(l)� i

n(l) � nof(ts, i).

3.3. Path delay constraints

The previous constraints did not consider whether the
minimal delay of each path in a DFG could be within
the time constraint in case of an unrestricted library.
The critical paths are those which could become the
path with the largest minimal delay. Only these critical
paths have to be considered in the respective con-
straints, and they can be determined efficiently by
breadth first search. The corresponding constraints are:

CONSTRAINT  SET 3.

Let k: L x Type → [0, ..., 1] be a help function, C the set
of critical paths, and nop(c, t) the number of operations
v ∈  V, τ(v) = t within the path c ∈  C. Then the following
constraints must be valid:

�
c 	 C

: �
t 	 Type

�
l 	 �({t})

(k(l, t) � d(l) � nop(c, t)) � |T|,

�
t 	 Type

: �
l 	 �({t})

k(l, t) � 1 ,

�
t 	 Type

�
l 	 �({t})

: k(l, t) � n(l).

3.4. Additional constraints

For each time constraint the lower bound functional
area will be larger than or equal to the lower bound
functional area of the constraint plus one cycle (see
figure 1). So the following constraint must be valid:

lb_area(i� 1) � lb_area(i), i 	 �
�.

Although the constraint does not change the module
selection result, it can decrease the search space of a
MILP solver. During a branch–and–bound process the
solver does not have to investigate module sets which
violate this constraint, which can lead to considerable
run time efficiency improvements.

4. Lower bound cycle budget estimation

The cycle budget estimation is based on the execution
interval analysis of [Timm93b]. In that approach the
initial  OEIs (which were calculated under the
assumption of unlimited resources) are reduced under
influence of the (selected) set of resources. The
reduction of the execution intervals prunes the search
space of succeeding synthesis steps without limiting
their solution space. The reduction is mainly achieved
by finding the so called irreducible components in a
bipartite graph matching formulation. In the following
subsections the different aspects of the approach will be
discussed briefly (see [Timm93b] for a more thorough
discussion). An improvement on the run time
complexity of the method will also be given.

4.1. Determination of MEIs

Operations must be scheduled within their OEI, so
these intervals identify the maximum freedom of opera-
tions. Similarly module execution intervals (MEIs)
identify the maximum freedoms of the module set for
a (set of) operation type(s):

DEFINITION  3 [MODULE  EXECUTION  INTERVAL].

MEI: P(M(i)) � P(Type) → P(T) describes a set of
cycles in which some module m ∈  M(i) applicable for
the operation type set ts ∈  P(Type) (i.e. µ–1(m) 
 ts��)
has to perform some operation v ∈  V with τ(v) ∈  ts.

The MEIs are partially ordered based on their start and
end cycles: the first MEI denotes the interval in which
the first execution of an operation must take place, the
second MEI the interval in which the second execution
must take place, and so on. For the ith MEI, the earliest
possible start cycle and the latest possible end cycle of
the ith execution of an operation have to be calculated.
Notice that MEIs are not always related to specific
modules, while OEIs are related to specific operations.

For the determination of the earliest possible start
cycles of MEIs we use the following algorithm which
resembles the lower bound algorithm of [Rim92].
Let op(ts) = {v ∈  V | τ(v) ∈  ts} be ordered by increas-
ing ASAP, let mods(ts) = {m ∈  M(i) | µ–1(m) 
 ts��}
be the list of applicable modules ordered by increasing
DII, let MEI(i) be the start of the ith MEI, and let
start(m) be the first cycle in which module m ∈
mods(ts) can start a new execution. The next algorithm
calculates in a left edge manner the correct start cycles



of the MEIs. In the function ’select’ the module with the
smallest DII among the earliest available modules is
chosen to map an operation on. In the function
’new_start’ possible swaps between faster and slower
modules are incorporated by allowing a module m to be
available again in less than dii(m) cycles (see for more
details [Timm93b]).

for  (i := 1 to |mods|) �
start(mods[i]) := 0;

for  (i := 1 to |op|) �
m := select(ASAP(op[i]));
MEI(i) := max {ASAP(op[i]),start(m)};
start(m) := new_start(m, MEI(i));

select (asap)
{

choice := mods[1];
for  (j := 1 to |mods|) �

k := mods[j];
if (start(k) � asap) �

return k;
if  (start(k) � start(choice)) �

choice := k;
return  choice;

}

new_start (m, MEI)
{

for  (j := 1 to |mods|) �
k := mods[j];
if  (k = m) �

return MEI + dii(m);
last := last time module k started;
if  (start(m) � last � MEI �

last + dii(m) � MEI + dii(k)) �
return  MEI + dii(k);

}

The end cycles of the MEIs can be determined similarly
as the start cycles by applying the algorithms on the
graph obtained by reversing the edges of G. The first
execution of an operation must be completed at the first
(i.e. earliest) end cycle. The first MEI is therefore deter-
mined by the first start and the first end cycle, the se-
cond MEI by the second start and end cycle, and so on.

An upper time bound for the determination of the end
cycles is needed of course. From the start cycles of the
MEIs, a first lower bound on the number of cycles can
be derived. The approach continues by determining the
end cycles of the OEIs and MEIs using the first bound.
During this determination it can happen that the num-
ber of cycles within a MEI turns out to be smaller than
the minimal delay of any applicable module m ∈
mods(ts). In that case the first bound on the number of
cycles and the previously determined end cycles were
not correct and must be increased. The wrong MEI is
updated and annotated with the increase. After all MEIs
are determined, the wrong end cycles and the lower
time bound are updated by traversing the MEIs in the
reverse order in which their end cycles were calculated.
During this traversal the annotated increases are incor-

porated in the end cycles of the OEIs and MEIs. If
during the remaining analysis the lower cycle bound
turns out to be incorrect, then the bound has to be
incremented until it can possibly be correct.

4.2. Bipartite graph matching formulation

The remaining lower cycle bound estimation is based
on a bipartite graph matching formulation. In figure 3a,
the fifth order wave digital filter from [DeWi85] is
presented with a lower cycle bound of 21 cycles and a
set of resources consisting of 1 multiplier and 2 adders.
For the multiplications the initial  OEIs under the
assumption of unlimited resources are given in figure
3c. There are 8 multiplications, so there are exactly 8
MEIs in which an applicable module must perform a
multiplication. The multiplications have to be executed
within 16 cycles (between cycle 4 and cycle 19). As the
multiplier has a dii of 2 and the 8 operations have to be
scheduled within 16 cycles, there are 8 (non–overlap-
ping) MEIs of 2 cycles to perform the multiplications.
Figure 3c shows these MEIs, which start every 2 cycles
from cycle step 4 onward.

Undirected bipartite graphs GB(ts) = (N, A),
ts ∈  P(Type) can be derived from the DFG and
constraints with the following definitions and charac-
teristics. The set of nodes N = O ∪  R with O ∩ R = ∅ ,
|O| = |R|, and the set of edges A ⊆  O � R. The left set
of nodes O = {v ∈  V | τ(v) ∈  ts}, while the right set R
is associated with the corresponding MEIs. There is an
edge (n1, n2) ∈  A if and only if operation n1 could be
scheduled within the MEI of n2  (see figure 3c). The
OEI or MEI of any node n ∈  N can not be larger than
the union of execution intervals of its adjacent nodes.
For each feasible schedule there exists a corresponding
complete matching, i.e. a matching with maximum car-
dinality |O| = |R|. If a complete matching is not possible,
then the lower cycle bound must be incremented.

The OEIs can be reduced by identifying the edges in the
bipartite graphs which can never belong to a complete
matching. These edges can be deleted without limiting
the solution space of a scheduler. The OEIs which were
connected to the deleted edges can be reduced, as OEIs
can not be larger than the union of MEIs of their adja-
cent nodes. The irreducible components of a bipartite
graph are defined as the subgraphs induced by the edges
which can be part of a complete matching. The irreduc-
ible components, and therefore the edges which can be
deleted from a bipartite graph, can in the general case
be derived in O(|V|1/2�|A|) [Sang76].

The edges (15, [8,9]), (25, [8,9]), (18, [12,13]), (28,
[12,13]), (22, [14,15]), (22, [16,17]), (42, [12, 13]),
(42, [14, 15]) and (42, [16, 17]) in figure 3c do not
belong to irreducible components and can be deleted.
Clearly the analysis reduces the OEIs of the operations
which were connected to these edges. Multiplication 22
remains only connected to the right node with the MEI



Fig 3: Fifth order wave digital filter from [DeWi85] with bipartite graph matching formulation.

Lower time bound: 21 cycles.
Resources: 1 multiplier (d=dii=2);

1 slow adder (d=dii=2);
1 fast adder (d=1).
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[12,13], i.e. this multiplication is fixed and must be
scheduled in the first two cycles of its initial OEI. The
operations 15 and 18 are therefore also fixed to the first
two cycles of their initial OEIs. When edges are
removed from a bipartite graph and this removal leads
to reducing the number of cycles in an OEI, a new ’run’
can be started to reduce the OEIs even more. It was
shown in [Timm93b] that the number of these runs is at
most O(|M|�|V|2) for one time bound, but in practice
the algorithm already stops after a few runs.

In the approach of [Timm93b] the total complexity of
determining a bipartite graph GB and its irreducible
components is O(|V|2 + |V|1/2�|A|), with |A| � |V|2.
The term O(|V|1/2�|A|) is due to the derivation of the
irreducible components which consists of two steps
[Sang76]. In the first step a complete matching is
determined which is O(|V|1/2�|A|) in the general case
[Hopc73]. In the second step the bipartite graph is
directed by giving the edges in the matching a direction
opposite to the direction of the edges which are not in
the matching. Nodes which are incident with the same
edge in the matching are then taken together with that
edge to form a new node. The edges which connect a
strongly connected component in this new directed
graph form the edges of the corresponding irreducible

components of the original bipartite graph. These
strongly connected components can be determined in
O(|V| + |A|) using depth first search.

The first step of finding a complete matching can be
done in O(|V|�lg |V|) instead of  O(|V|1/2�|A|) using the
following algorithm. Let op(ts) = {v ∈  V | τ(v) ∈  ts} be
ordered by increasing ASAP,  let latest(i) be the latest
moment the operation in the ith MEI can start (i.e.
latest(i) is the end cycle of the ith MEI minus the
minimal delay), let op2 be an initially empty list of
operations and which is kept ordered by increasing
ALAP, and let BM be the (initially empty) matching.

j := 1;
for  (i := 1 to |op|) �

while (ASAP(op[j]) � latest[i]) �
insert op[j] correctly in op2;
j := j + 1;

if  ((op2[1], i th  MEi) ∈  A) �
insert (op2[1], i th  MEi) in BM;
delete op2[1] from op2;

else
no complete matching possible;

THEOREM.

The greedy algorithm above produces a complete
matching if one exists.



PROOF.

The first operation v1 ∈  op(ts) to be selected for the 1st

MEI is the operation with the smallest ALAP which can
be scheduled within that MEI. Suppose a complete
matching exists in which the 1st MEI is not matched
with v1 but with v2 ∈  op(ts), and in which v1 is matched
with the jth MEI, j ∈  {2, 3, ..., |op(ts)|}. Then there also
exists a complete matching in which v1 is matched with
the 1st MEI and v2 with the jth MEI. Because v1 can start
in the 1st and the jth MEI, ALAP(v1) � ALAP(v2), the
start of the jth MEI is larger or equal to the start of the
st MEI, and v2 can start in the 1st MEI, there is also an
edge between v2 and the jth MEI in the bipartite graph.
So if there exists a complete matching, then there also
exists a complete matching which starts with a greedy
choice. Moreover, once the greedy choice of the first
matching has been made, the problem reduces to
finding a complete matching for the remaining nodes.
By induction the greedy choice at every step of the
algorithm produces a complete matching if one exists.

The O(|V|�lg |V|) complexity of the algorithm above is
due to the ordering of the lists of operations. With this
new algorithm the total complexity of determining a
bipartite graph GB and its irreducible components
becomes O(|V|2) instead of O(|V|2 + |V|1/2�|A|).

4.3. Additional analyses

Besides the determination of irreducible components
of bipartite graphs, some other analyses can be
performed to enhance the result of the lower bound
cycle budget estimation.

Because of the ’hole’ after the fifth addition in figure 3a
(see section 3.1), the difference between the start (and
end) cycles of the fifth and sixth MEIs of the additions
must differ at least 2 cycles. Furthermore, the first five
additions have to be executed before any other opera-
tion can be executed, so these additions must be
mapped on the first five MEIs of the additions.

If an OEI is small enough, then the corresponding
operation will always occupy a module in some
specific cycle(s) independent of the chosen schedule
(see also section 3.2). If in a cycle the number of such
operations is equal to the number of modules, then all
other operations cannot be scheduled in that cycle.

If for an edge (n1, n2) ∈  A: MEI(n2) � OEI(n1) ∧
(� ni: (n1, ni) ∈  A: MEI(n2) � MEI(ni)), then the left
node (or operation) n1 can be assigned to the right node
n2 without limiting the solution space of a scheduler.
All edges connected to these two nodes in the bipartite
graph except for the edge between them can be
removed.

5. Reviewing infeasible module sets

The cycle budget estimation is a partial check for the
feasibility of the derived module sets. If the lower
bound estimation of the cycle budget exceeds the num-
ber of cycles for which the module set was derived, then
the module set cannot be correct. In that case it can be
tried to detect why the module set cannot be feasible
and to determine a new and better lower bound estima-
tion of the module set with minimal area.

5.1 Detection in case of initial OEIs

Consider an initial  bipartite graph matching formula-
tion GB(ts), ts ∈  P(Type) with the initial  OEIs and
MEIs (i.e. no execution interval reduction has yet taken
place), while the lower bound cycle budget estimation
equals the time constraint for which the module set was
derived. If in such a case no complete matching can be
found, then there was not enough module capacity
selected to be able to schedule the operations within
their initial OEIs. In case of a trivial module library
extra modules of the type µ(ts) can be added until a
complete matching is found. The maximum number of
such additions is O(|V|), so the relaxed module selec-
tion problem formulated in the beginning of section 3
can be performed in polynomial time for a trivial
module library.

In case of an unrestricted library one can not just add
some module m ∈  µ(ts) and guarantee that the resulting
module set is a lower bound estimation of the module
set with minimal area. The reason that the module set
is not correct can then be interpreted as follows. The
distribution intervals try to detect local ’concentra-
tions’ of operations. If a module set is not correct then
there exists a local ’concentration’ of operations within
a distribution interval which as not been detected and
for which there is not enough module capacity selected.
During the algorithm for finding a complete matching
(see section 4.2), some MEI will not be matched and the
algorithm stops. All operations which could have been
matched with that MEI are matched with previous
MEIs, and the MEI denotes a ’low’ in the distribution
of operations. If all the operations which could be
scheduled within that MEI are deleted from the
distribution interval, the interval will be split into two
(or more) new intervals, and the local concentration is
expected to be ’isolated’ in one of them. That interval
will then become the new had–interval, and a renewed
module selection will lead to an improved lower bound
estimation of the optimal module set.

5.2 Detection in case of reduced OEIs

If a complete matching can not be found during a
second or later run of the execution interval reduction,
then the module set can not be feasible because of the
violation of some precedence constraints. A new lower



bound module set can then be derived by adding new
constraints forcing  to select a different set with a total
area equal to or larger than the previous selection.

Let Mp(i) be a previous module set which is detected as
infeasible for i ∈  � cycles, let areap(i) be the
corresponding lower bound module area, let np(l) be
the corresponding number of selected modules of type
l ∈  L, let npos(l) ∈  � denote an increase in the number
of modules of type l, let nneg(l) ∈  � denote a decrease
in the number of modules of type l, and let y(l) ∈  {0, 1}
be a help variable for module type l. The following
constraints must be valid if Mp(i) is not correct.

lb_area(i)� lb_areap(i).

�
l � L

: npos(l) – nneg(l) � n(l) – np(l);
npos(l) � |V|� (1 – y(l));
nneg(l) � |V|� y(l).

�
l � L

(npos(l) � nneg(l)) � 1.

These constraints can be added to the constraint sets of
section 3 until a module set is selected which could be
feasible according to the lower bound cycle budget
estimation of section 4. These additional constraints
due to a previous module set can be discarded as soon
as the corresponding lower bound area becomes
smaller than the lower bound area of the latest module
selection.

6. Experiments and results

The area–delay curve prediction approach presented in
this paper has been implemented in the NEAT system
which is written in C++. A public domain solver
(’lp_solve’, which is available by anonymous ftp from
ftp.es.ele.tue.nl) has been used for solving the MILP
problems. The solver uses the simplex algorithm with
sparse matrix methods for the linear programming part
and branch–and–bound techniques for the integer part
of the tool. In this section results of the approach on two
benchmarks are given (the tests were run on a
HP9000/755 workstation). The benchmarks are:
WDELF, the fifth order wave digital filter from
[DeWi85] (see figure 3a) and FDCT, a fast discrete
cosine transform which originated from [Mall90] (see
figure 4). FDCT contains in contrast to WDELF a lot
of parallelism which can be reduced significantly when
the number of available cycle steps increases.

In table 1, 2 and 3 different module libraries have been
given. Table 1 gives a trivial module library which is
used in most papers. Table 2 gives a extended module
library which has already been used in [Timm93a],
while the module library of table 3 with the largest
range of delays originated from [Ishi91]. In table 4 and
5 the results for WDELF for the libraries 1 and 2 are

given, while in figure 6 the results for WDELF for the
libraries 2 and 3 are given. In table 6 and 7 the results
for FDCT for the libraries 1 and 2 are given, while in
figure 5 the results for FDCT for the libraries 2 and 3
are given. In table 8 an overview of the results is given.

The figures 5 and 6 show that there is hardly any
difference between the lower bound estimation and the
optimal area–delay curve. Table 8 also shows that the
estimations are really accurate and that the average
CPU times are small. However keep in mind that the
approach uses a MILP solver which can lead in some
cases to unacceptable run times. This can be avoided by
accepting intermediate (but not necessarily optimal
lower bound) solutions to a MILP problem by ceiling
the integer variables.

Table 1: Library 1 (trivial library).

module type area
delay in operations

module type area
y

cycle steps * + –
mult 144 2 x
alu1 16 1 x x

Table 2: Library 2 (extended library).

module type area
delay in operations

module type area
y

cycle steps * + –
mult 144 2 x
alu1 16 1 x x
sub1 15 1 x
add1 15 1 x
alu2 9 2 x x
sub2 8.5 2 x
add2 8.5 2 x

Table 3: Library 3 (extended library from [Ishi91]).

module type area
delay in operations

module type area
y

cycle steps * + –
mpy1 256 1 x
mpy2 32 16 x
mpy3 2 256 x
add1 16 1 x x
add2 5 4 x x
add3 2 16 x x

Table 4: Table 5:
WDELF results, lib. 1. WDELF results, lib. 2.

/T/
esti-

mated
opti-
mal /T/

esti-
mated

opti-
mal/T/ mated

area
mal
area

/T/ mated
area

mal
area

17 480 idem 17 480 idem
18 to 20 320 idem 18 to 19 320 idem
21 to 27 176 idem 20 312.5 320
28 to .... 160 idem 21 to 27 168.5 idem

28 to 53 160 idem
54 to .... 152.5 idem



Fig 4: Fast discrete cosine transform (FDCT).

Table 6: Table 7:
FDCT results, lib. 1. FDCT results, lib. 2.

/T/
esti-

mated
opti-
mal /T/

esti-
mated

opti-
mal/T/ mated

area
mal
area

/T/ mated
area

mal
area

8 1216 idem 8 1212 idem
9 1200 1216 9 1198 1212
10 768 784 10 766 780

11 to 12 624 idem 11 615 622
13 608 idem 12 615 idem

14 to 17 464 idem 13 606 idem
18 to 25 320 idem 14 to 17 462 idem
26 to 33 304 idem 18 319 320
34 to .... 160 idem 19 to 25 312.5 idem

26 to 33 304 idem
34 to 51 160 idem
52 to .... 153 idem

3

30

300

6 60 600

Fig 5: FDCT results

delay (in cycles)

ar
ea

lower bound and
optimal area–

delay curve for
library 3

lower bound and
optimal area–

delay curve for
library 2

In [Ishi91] module sets are determined for only twelve
different time constraints of WDELF and for these
module sets the smallest possible cycle budgets are
determined. Six of the derived module sets of [Ishi91]
were equal to the lower bound estimation and were
therefore optimal. One other module set was optimal
but not equal to the lower bound estimation. The
remaining five module sets derived by the scheduling
approach of [Ishi91] were not optimal. Only five of the
twelve determined cycle budgets were equal to the
lower bound estimation and were optimal. The other
cycle budget estimations were the estimations for the
seven smallest module sets and were not optimal.

[Rim92] and [Shar93] report lower bound cycle budget
estimations for the module sets of table 4. One of the
four estimations reported by [Rim92] and [Shar93] is
not exact. Their estimations derive a lower bound of 27
cycles for the smallest module set, while the exact
bound is 28 cycles (which is derived by our approach).
The approaches of [Rim92] and [Shar93] also did not
generate the module sets of table 4 by means of a lower
bound estimation.

Conclusions

In this paper a unified approach of lower bound
functional area and cycle budget estimations has been



Table 8: Overview of results.

range of time
constraints

range of
functional

percentage
of wrong

largest
absolute

largest
relative

average CPU time
per time constraintconstra nts

(in cycles)
funct onal

area
of wrong

estimations
absolute

difference
relat ve

difference
per t me constra nt

(in sec)
WDELF with library 1 17 – 28 160 –   480 0% 0 0% 0.17
WDELF with library 2 17 – 54 152.5–   480 2.63% 7.5 2.34% 0.25
WDELF with library 3 14 – 2144 4 –   560 2.30% 11 16.67% 0.21
FDCT  with library 1   8 – 34 160 – 1216 7.41% 16 2.04% 0.12
FDCT  with library 2   8 – 52 153 – 1212 8.89% 14 1.79% 0.22
FDCT  with library 3   6 – 4128 4 – 2128 3.47% 17 16.67% 0.91

3
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300

14 140 1400

delay (in cycles)

area

ar
ea

Fig 6: WDELF results

lower bound and
optimal area–

delay curve for
library 3

lower bound and
optimal area–

delay curve for
library 2

presented to predict the area–delay characteristics of a
design at system level. The approach is implemented in
the NEAT system and results for well–known bench-
marks show fast running times and very accurate
estimations. The approach leads in fact to the most
accurate estimations reported to date. Because the
estimations are so accurate, they can be used to measure
the quality of a final design and to decrease the search
space of a high–level synthesis system. The lower
bound module sets are therefore used as a starting point
in the synthesis trajectory of the NEAT system.
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