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ABSTRACT

This paper presents an Integrated Framework of Design Op-
timization and Space Minimization (IDOM) for generating
the minimum number of functional units with schedule length
and memory constraints. Our algorithm efficiently prunes
the search space, and eliminates inferior design points by
the following: 1) selecting a minimum set of candidate un-
folding factors, 2) integrating optimization techniques, i.e.
unfolding and extended retiming, to generate a compact sched-
ule. We present the theorems and algorithms for design
space exploration. The experimental results show that IDOM
algorithm generates smaller configurations, and reduces the
search cost to 3% of that consumed by the standard method.

1. INTRODUCTION

In a design process, it’s desirable to find the minimum con-
figuration of functional units or processors to execute a pro-
gram with performance and memory constraints. The chal-
lenge is how to find a good design in a huge design space
and how to generate high-quality design solution. For DSP
applications, optimization techniques such as unfolding and
software pipelining are commonly used to optimize the sched-
ule length of a loop schedule [2, 5, 7]. It is important for a
designer to be able to choose proper unfolding factor and
software pipelining degree efficiently and wisely, so that
the search space can be reduced. Therefore, a good design
space exploration algorithm needs to exploit the optimiza-
tion techniques and the properties of design metrics. With-
out this capability, the design space exploration either easily
fails to find any feasible solution, or cannot generate a good
design solution.

A number of research results are published on optimiza-
tion problems [7, 8] and design exploration [1, 4]. How-
ever, very few work addresses the combination of various
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optimization techniques and their effects on the design ex-
ploration results. In this paper, we propose an Integrated
Framework for Design Optimization and Space Minimiza-
tion (IDOM). It distinguishes itself from the traditional de-
sign exploration in several ways: (1) it combines unfold-
ing [7] and extended retiming [6] to produce a superior solu-
tion satisfying schedule length and memory constraints, (2)
it significantly reduces the design space by exploiting the
properties of unfolded and retimed data flow graph. Thus,
the minimum configuration for an application can be found
quickly and effectively.

Our contributions in this paper are summarized as fol-
lowing. We present the theoretical foundation for an inte-
grated framework for design optimization and space mini-
mization. We propose an IDOM algorithm and compare it
with the other three design exploration algorithms which are
based on traditional approaches. Our experimental results
on a set of well-known benchmarks show that IDOM algo-
rithm reduces the search cost to only 3% of that in standard
method averagely. Our experiments also show that IDOM
algorithm constantly achieves the minimal search costs and
the minimal configurations.

In the next section, we presents the basic concepts and
theorems of the integrated framework for design optimiza-
tion and space minimization. Section 3 provides the algo-
rithms and computation cost for several design space explo-
ration algorithms. In Section 4, we present the experimental
results on a set of benchmarks. Finally, concluding remarks
are provided in Section 5.

2. OPTIMIZATION TECHNIQUES FOR DESIGN
SPACE MINIMIZATION

In this section, we present the theoretical foundation of the
integrated framework for design optimization and space min-
imization. We provide an overview of the basic principles
of retiming and unfolding in Section 2.1. An in-depth anal-
ysis for these optimization techniques based on data flow



graph model reveals underlying relations between the de-
sign parameters. Section 2.2 presents the theorems of this
relationship. It shows that the search space and search cost
of design space exploration can be greatly reduced based on
the properties and relations between the design parameters
considering unfolding factor, retiming function and iteration
period.

2.1. Basic Principle

A data flow graph (DFG)
���������
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�������

is a node-weighted
and edge-weighted directed graph, where

�
is a set of com-

putation nodes,
	��������

is a set of edges,
�

is a function
from

	
to � representing the number of delays on each edge,

and
�������

represents the computation time of each node.
Programs with loops can be represented by cyclic DFGs.

An iteration is the execution of each node in
�

exactly once.
Inter-iteration dependencies are represented by weighted edges.
For any iteration � , an edge � from � to

�
with delay

� � � �
conveys that the computation of node

�
at iteration � de-

pends on the execution of node � at iteration ��! � � � � . An
edge with no delay represents a data dependency within the
same iteration. An iteration is associated with a static sched-
ule. A static schedule must obey the precedence relations
defined by the DFG. The cycle period " �#�$� of a data-flow
graph

�
is the computation time of the longest zero-delay

path, which corresponds to the schedule length without re-
source constraint.

Given a DFG
�

which may contain cycles, retiming and
unfolding can be used to minimize the execution time of all
tasks in one iteration.

Retiming [5] is one of the most effective graph transfor-
mation techniques for optimization. It transforms a DFG to
minimize its cycle period in polynomial time by redistribut-
ing delays in the DFG. The commonly used optimization
technique for DSP applications, called software pipelining,
can be correctly modeled as a retiming.

A retiming r is a function from
�

to % that redistributes
the delays in the original DFG

�
, resulting a new DFG�'&(�*)+�,�-	��.�/&0�#�21

such that each iteration still has one ex-
ecution of each node in

�
. The delay function changes ac-

cordingly to preserve dependencies, i.e., 3 ����� represents de-
lay units pushed into the edges

��465
, and subtracted from

the edges � 47�
, where � �8���957:;�

. Therefore, we have� & � � �<�7� � � ��= 3 � � � !>3 �?��� for every edge � 4@�
and� & �BAC� �D� ��A2�

for every cycle
A':��

.
The extended retiming allows the delays to cut the ex-

ecution time of a multiple-cycle node to achieve optimal
schedule length [6]. Due to the space limitation, we will
not illustrate the extended retiming in details.

Unfolding [3, 7] is another effective technique for im-
proving the average cycle period of a static schedule. The
original DFG

�
is unfolded E times, so the unfolded graph�GF

consists of E copies of the original node set. Thus, a

schedule with unfolding factor E contains E iterations of the
original DFG.

For any DFG
�

, the average computation time of an
iteration is called the iteration period of the graph. The
instruction-level parallelism between the iterations in an un-
folded loop helps to improve the iteration period H � " �I�JFK�ML E .
For a DFG contains a loop, the iteration period is bounded
from below by the iteration bound of the graph which is de-
fined as follows:

Definition 2.1. The iteration bound of a data-flow graph�
, denoted by N �I�O� , is the maximum time to delay ratio of

all cycles in
�

. This can be represented by the equation
N �I�O�P� max Q�R�S �+T0�8LVUP�+T0� , where S ��T0� and

UW�+T0�
are the

summation of all computation times and the summation of
delays, respectively, in a cycle

T
.

It is clear that unfolding will increase code size by a fac-
tor of E . We want to find the minimum E with retiming 3 so
the iteration period of the resultant loop schedule is optimal.
But it is very likely that such an optimal E is too large for the
program to fit into a small-size on-chip memory. Therefore,
we need to explore what will be the good E , 3 for satisfying
both iteration period and memory constraints.

2.2. Theorems

The problem in combining unfolding and retiming is to choose
an unfolding factor that can achieve the iteration period con-
straint via retiming. By exploiting the properties of un-
folded graph, we can find the relationship between unfold-
ing factor and corresponding minimum feasible cycle pe-
riod as stated in Theorem 2.1 which shows the necessary
and sufficient conditions to find a legal static schedule [2].

Theorem 2.1. Let
�X�Y)+�,�-	��.���#�21

be a given data flow
graph, E :;Z\[

an unfolding factor and " :;]
a cycle pe-

riod, there exists a legal static schedule without resource
constraints iff " L E_^`N �I�O� and "a^cbedgf/h ������� , i ��:>�

.
Thus, given unfolding factor E , the minimum cycle period
"�jJkMl �I�GFK�m� bedgf � bedgfnh �������-�Vo E�p2N �#�$�+q�� .

On the other hand, given an iteration period constraint,
we can quickly know the feasible unfolding factors that are
possible to produce a schedule that satisfies the constraint
as stated in the following theorem.

Theorem 2.2. Let
�r�s)+�,�-	��.���#�21

be a data flow graph,
E an unfolding factor, H a given iteration period constraint.
The following statements are equivalent:

1. There exists a legal static schedule of unfolded graph� F
with iteration period less than equal to H .

2. N �#�$� p.Eut;"�jJkMl �I�O� E � tvHwp.E .



For example, given the cycle period of an unfolded graph
"�jJkMl �#�GFK�,���

, we would like to know if unfolding factor
E ���

can achieve the iteration period constraint H ����L��
.

Since " juk9l �I� F �	� HPp�E ��

��L��
, the iteration period con-

straint cannot be achieved with unfolding factor E ��� .
By exploiting the properties of the unfolded graph in the

previous theorems, we are able to directly obtain the feasi-
ble cycle period of the unfolded and retimed data flow graph
before really doing unfolding, retiming and scheduling, so
that the search space and search cost can be greatly reduced.

3. ALGORITHMS

In this section, we describe three different design space ex-
ploration algorithms given a set of functional unit types.
Each algorithm employs different techniques to perform the
design space exploration and produce optimized design so-
lutions. We will also show their computation costs.

The algorithms are: STDu, STDur and IDOM. Algo-
rithm STDu is a standard method which uses unfolding to
optimize the schedule length and search the design space.
Given a data flow graph

�
, the iteration period constraint

H , and the maximum unfolding factor E2j���� decided by the
memory constraint. Algorithm STDu generates the unfolded
graph

�GF
for each unfolding factor


 tvEJt E.j���� . For each
unfolded graph, the algorithm computes the upper bound
��� k for each type of functional units by As Soon As Pos-
sible scheduling. Then, the algorithm schedule the DFG

�
with each possible configuration using list scheduling. The
search space for one unfolding factor consists of � k ��� k
points. Algorithm STDu exhaustively searches the space
for E j���� unfolded graphs. Note that using unfolding only
may not be able to find a solution satisfying iteration period
constraint even with unlimited functional units, because the
unfolding factor is upper bounded by memory constraint.

Algorithm STDur is another standard method that ap-
plies retiming to optimize schedule length of the unfolded
graphs. By using retiming, the cycle period of an unfolded
graph is optimized before scheduling. Therefore, algorithm
STDur is able to find more feasible solution than algorithm
STDu. However, retiming introduces more computation cost.

We develop an algorithm to implement the Integrated
Framework of Design Optimization and Space Minimiza-
tion (IDOM). The IDOM algorithm prunes the design space
by exploiting the graph properties and integrating unfold-
ing and extended retiming to produce high quality design
solution. In step 1, the algorithm computes the minimum
feasible cycle period " jJkMl using Theorem 2.1. In step 2,
it immediately eliminates the infeasible unfolding factors
from a set of unfolding factors


 tsEet E2j���� by using
Theorem 2.2, which selects a minimum set of candidate
unfolding factors � ��� E��'" jJkMl L EetsH�� . It means that
we do not need to generate and schedule all the unfolded

graphs. Therefore, the computation cost of design space
exploration is significantly reduced. Step 3 generates un-
folded graphs for each unfolding factor E : � . In step 4,
the algorithm performs extended retiming instead of the tra-
ditional one to find optimal cycle period for an unfolded
graph. Step 5 computes the upper bounds of functional
units. Step 6 computes the lower bound of each type of
functional units with latency bound �8H p
E
 to further reduce
the search space. Finally, in step 7, the algorithm sched-
ules the retimed unfolded graphs with list scheduling in the
pruned search space.

The computation cost of each design space exploration
algorithm can be derived using the complexity of list schedul-
ing as a unit of the computation cost. The complexity of un-
folding is ! � E#" � " = E#" 	 " � , and the complexity of list schedul-
ing is ! � " � " = " 	 " � . Let � be a set of feasible unfolding
factors, and $&% be the set of points in the design space that
will be searched by an design space exploration algorithm.
Here we compute the search cost of an algorithm in terms
of the number of times list scheduling is applied to the orig-
inal graph. For STDu, the cost of searching can be easily
calculated as the addition of unfolding cost and scheduling
cost,i.e., '�( = '*) �,+ F.-0/21 E k =,+ F.-3/21 E k4" $5%6" .

The search cost of the other algorithms can be calculated
in the similar manner. Since we know that the complexity of
retiming is ! � " � " " 	 " log " � " � , we can compute cost of apply-
ing retiming to the unfolded graph as '87 &J� + F - /21 E k:9;" � "=�+ F - /21 E k 9 " � " log

� E k4" � " � . Thus, the cost of searching for
STDur is '�( = '<7 &\= '8) .

The IDOM algorithms significantly reduces " �;" and " $ % " .
The computation cost of extended retiming is '	= & � E k 9>" � " .
The search cost of IDOM is ' ( = '?= & = ' ) .

4. EXPERIMENTAL RESULTS

To demonstrate the performance and quality of IDOM algo-
rithm, we conduct a series of experiments on benchmarks
including biquad filter (Biquad), differential equation (DEQ),
allpole filter (All pole), fifth order elliptic filter (Elliptic) and
4-stage lattice filter (4-Stage) as shown in Table 1. Each ex-
perimental case is processed by two design exploration al-
gorithms, one is STDur, the other is IDOM. To make the
cases more complicated for design space exploration, we
apply different slow down factors to the original circuits
[5, 6], and arbitrarily choose the computation times for ad-
ditions and multiplications. We also assume the maximum
unfolding factor is

�
, which is bounded by memory con-

straint.
In the experiment of “Biquad”, assume that addition takes

1 time unit and multiplication 4 time units. We apply a slow-
down factor of 4 to the original circuit. The resulting circuit
has an iteration bound of 3/2. Assume that the iteration pe-
riod constraint is 5/3. An configuration satisfies the iteration



period constraints can be found by STDur is shown in col-
umn “Solutions”, with unfolding factor f=4, 3 adders and
16 multipliers. It has an iteration period (field “P”) of 6/4.
With the same case, IDOM find the minimum configuration
of 3 adders and 10 multipliers with unfolding factor only
3. The resulting schedule satisfies both iteration period and
memory constraints. Furthermore, the search cost of IDOM
is only 4% of STDur, as shown in column “Ratio”.

The experiment settings for the other cases are described
in the following. For “DEQ”, assume that an addition oper-
ation takes 1 time unit, and a multiplication operation takes
3 time units. We use a slowdown factor of 5, iteration bound
of 8/5 and iteration period of 7/4. For “Allpole”, an addition
operation takes 2 time units, and a multiplication operation
takes 5 time units. We use a slowdown factor of 5, itera-
tion bound of 18/5 and iteration period constraint of 15/4.
For “Elliptic”, an addition takes 1 time unit, and a multi-
plication takes 5 time units. We use a slowdown factor of
5, iteration bound of 18/5 and iteration period constraint of
15/4. For “4-Stage” lattice, an addition takes 1 time unit,
and a multiplication 6 time units. We use a slowdown factor
of 2, iteration bound of 7/4 and iteration period constraint
of 9/5.

Applying the algorithms on all these experimental cases
clearly yields the conclusion that IDOM significantly re-
duces the search cost of design exploration process com-
pared to the standard method. Its search cost is only 3%
of STDur on average. Furthermore, IDOM always find the
smaller configurations for all the cases.

Benchmarks SearchSearchRatio Solutions
(Algo.) Points Cost f AddMult P

Biquad(STDur) 228 2165 4 4 16 6/4
Biquad(IDOM) 4 87 0.04 3 3 10 5/3
DEQ(STDur) 486 6017 5 10 18 8/5
DEQ(IDOM) 6 120 0.02 3 5 15 5/3

Allpole(STDur) 510 7957 5 10 10 18/5
Allpole(IDOM) 6 156 0.02 3 10 3 11/3
Elliptic(STDur) 694 19062 F F F F
Elliptic(IDOM) 2 142 0.007 2 6 9 5
4-Stage(STDur) 909 15329 F F F F
4-Stage(IDOM) 55 640 0.04 4 7 33 7/4

Table 1: Applying STDur and IDOM algorithms on various
benchmarks.

5. CONCLUSION

In this paper, we have presented an Integrated Framework
of Design Optimization and Space Minimization (IDOM) to
find the minimum configuration under schedule length and
memory constraints. The novelty of this framework is that
it integrates several optimization techniques and exploits

the properties of unfolded retimed DFG to prune the de-
sign space and generate superior results. The optimization
techniques combined in IDOM framework are unfolding
and extended retiming. The study of the properties of un-
folded retimed DFG efficiently reduces the number of fea-
sible unfolding factors. The experimental results show that
the search cost of IDOM is only 3% of the standard method
on average. The development of this integrated framework
shows the significant impacts of proper utilization of opti-
mization techniques and exploitation of graph properties on
the design space exploration cost and the quality of design
solutions.
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