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ABSTRACT
The growing demand for portable computing devices leads to new elec
tronic systems fulfilling the requirements for the low power dissipation in
the chip. Although, reduction of supply voltage is one of the most effective
techniques of decreasing the power consumption in digital CMOS VLSI
circuits it results in chip throughput degradation. This paper presents three
versions of the Inserting Idle Operation with Interchanging heuristic algo
rithm, namely simple IIOI, MAximal RELativity (MAREL) and
UNIform LOad (UNILO). They are applied to the highlevel synthesis of
CMOS VLSI circuits with power reduction. Comparison of the obtained
results for the chosen set of benchmarks show the different levels of power
reduction obtained by different algorithms applied. For different bench
marks the power reduction reaches up to 15%, and up to 68% with extend
ing latency by 50%.
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INTRODUCTION
The growing demand for portable computing devices
leads to new electronic systems fulfilling the requirements for the low power dissipation in the chip. Although,
reduction of supply voltage is one of the most effective
techniques of decreasing the power consumption in digital CMOS VLSI circuits it results in chip throughput
degradation [1], [2], [3].
The main part of the power dissipated in the CMOS
circuit (single functional unit fui) is dynamic power
represented by:
(1)
where ai is the activity factor (i.e. the probability of a
power consuming transition) of the functional unit fui, CLi
is the load capacitance, Vddi is the supply voltage, and fclk is
the clock frequency.
By decreasing the voltage swing for a given load capacitance of the chosen functional units, we can reduce
power consumption quadratically as in (1) but their toggling time (Tti) will be longer and is defined as [1], [3]:
(2)
where K is a technology constant, Vt is a threshold voltage
and Į is a constant depending on device technology
(1<Į< 2). The toggling time (Tti) defines the delay time
(tdi) of the functional unit fui.
Figure 1. shows the dependency of supply voltage
(Vdd) on normalized delay times for an inverter as a functional unit.

Fig. 1. Influence of the supply voltage (Vdd) on the nominal delay
(td) of CMOS inverter with a load of 0.1pF for the Alcatel Mietec
0.35μm technology (Vt = 0.66V) [3]
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For this example the relation between the nominal delays td (see Fig. 1) for points A (VddA 3.0V ) and B
(VddB

1, 48V ) is given by:

(3)
In fact, to reduce the power dissipated in an electronic
CMOS circuit, the supply (Vdd) and the threshold (Vt)
voltages should be tuned according to the system activity
requirements [1], so the maximal toggling time of the
circuit
is
expressed
by (2).
It leads to a lower value of the supply voltage Vdd
that results in reducing the dynamic power consumption
(Pdi ~V2ddi).
This paper presents the comparison of the results of
three versions of Inserting Idle Operations with Interchanging (IIOI) heuristic algorithm, namely raw IIOI,
MAximal RELativity (MAREL) and UNIform LOad
(UNILO) applied to the high-level synthesis (HLS) of
CMOS VLSI circuits with power reduction.
All of them utilize as soon as possible (ASAP) algorithm. All three presented algorithms lead to decreasing
the supply voltage of the chosen functional units (from
the constrained set of resources) without degradation of
the chip throughput.
PROBLEM FORMULATION

Our task is to minimise the dynamic power (Pd) of
CMOS circuits/systems during the HLS using three heuristic algorithms.
In HLS the behavioural specifications of digital systems are mapped to structural designs at the register transfer level (RTL). The behavioural specifications consist of
algorithms which describe the behaviour of circuit outputs
in terms of circuit inputs and timing constraints [1], [2],
[3].
A computational task to be scheduled on the set of
functional units {fui} (resources) can be modelled by a
data flow graph DFG(V,E) where a set of vertices
V (| V |= n ) represents operations of the program and a set
of edges E represents the data (variables and constants)
[2], [4], [6].
For the given DFG the result of the HLS can be represented by the scheduling graph (SG) in which each vertex
of DFG is assigned to the appropriate element of the set
of resources {fui} and a control step(s) (CS) in such a way
that all data dependencies are satisfied. Each column of
SG corresponds to one element fui of the set of resources
and each row to the successive control step CS.
The HLS task is constrained by a limited set of resources ({fui}) e.g. multipliers (MULT), adders (ADD),
subtractors (SUB), gates, etc., and an acceptable throughput (described by the maximal number of control steps
CSMAX) [3].

SYNCHROINFO JOURNAL

31

If it is possible to introduce slacks for chosen resources without decreasing the throughput of the whole
system, then they can be supplied with a lower Vdd, which
results in reducing power consumption. Note that in some
applications, especially for systems that have different
working modes, CSMAX can be extended. In the experimental part of the paper we have considered CSMAX
extension by 10, 20 and 50 percent.
According to the above discussion, we can formulate
the problem to be solved as follows: for given DFG assign the operations to functional units, introduce the
slacks for chosen resources and construct the scheduling
graph so that the dynamic power consumption of CMOS
circuit/system in question is minimised without deteriorating its throughput (measured by the number of control
steps CS).
The slack of the functional unit is introduced by reduction of its supply voltage Vdd. This results in increasing the delay of the unit and appropriate reduction of the
power consumption as explained in the introduction (in
this paper we consider delay by 2, 4 or 8 times). The
problem of assigning the operations and distributing the
functional unit slacks is solved in two stages. First, the
ASAP-like base algorithm is used to construct the nondelayed scheduling graph. Then it is modified with the
IIOI [3] scheduling algorithm, and its two extensions,
namely MAREL and UNILO described in the next section.
SCHEDULING ALGORITHMS DESCRIPTION

Three scheduling algorithms, namely IIOI, MAREL
and UNILO, used for power reduction in digital CMOS
circuits during high-level synthesis are presented. All the
algorithms are based on the same two-stage core, described below.
The First Stage of the Algorithms

The first stage of the algorithms is a modified ASAP
scheduling process. Modifications include resource constraints and multi-cycle operations.
The pseudo-code of the ASAP stage of the algorithms
is presented below, with function explanations following.
assign_p_labels ( ) (line 1)

The function assigns the p-labels to each operation.
P-label of an operation is equal to the number of the
control steps needed to perform all child operations in the
DFG. Operations without any child-operations (i.e. having system outputs only) have p-label equal 0;
Vr = find_ready_operations ( ) (line 5)
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Fig. 2. The first (ASAP) stage of the IIOI/MAREL/UNILO
algorithms

This function returns the Vr set of operations ready to
be scheduled, i.e. assigned to the chosen functional unit,
in the current control step. Operation is ready to be
scheduled if all input values required are calculated, i.e.
all parent-operations are finished.
fus ĸ find_fu( vs ) (line 9)

This operation finds the functional unit for the chosen
operation that is ready to be scheduled at the current control step. If there are no free resources at the moment,
function returns NULL, and selected operation scheduling
is delayed.
If there is only one functional unit of the proper type
available, then it is returned.
However the differences between IIOI, MAREL and
UNILO algorithms depict the situation when there is
more than one functional unit of the proper type available.
The IIOI algorithm, simply chooses the first available
functional unit.
The MAREL algorithm calculates the relation distance
for all available functional units.
The UNILO algorithm selects the functional unit that
have the smallest number of operation assigned. This ensures that load is uniformly balanced over all of the functional units.
assign( vs , fus ) (line 12)

The functions assigns the operation to the chosen
functional unit at the current control step. If the operation
being assigned is a multi-step one then the appropriate
number of following control steps is also reserved.
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The Second Stage of the Algorithms

The second stage (Fig. 3.) is the same for all the algorithms. It consists of delaying of the initial SG created in
the first stage. The Csu set includes all columns suitable
for delaying, and Cms indicates the most suitable column
selected out of this set. The chosen Cms column actually
undergoes the process of delaying.
Functions used in the pseudo-code are explained below.

The condition (4) checks if there are enough free
csteps for the idle operations identifying the longer processing time of a fui. Every Ck selected for the frequency
lowering has to fulfil the condition (4). Despite the fact,
that cascading operations from the other Ck's are not taken
into consideration while calculating fsc , it is sufficient for
quick pre-rejection of some Ck from the Csu set, before
starting the time consuming delaying process.
there_is_same_fu( Ck ) (line 12)

This functions simply indicates, whether there is another fu of exactly the same type as the one assigned to
Ck, i.e. being capable of performing the same type of operation in the same time.
Cl =column_of_the_same_fu(Ck) (line 14)

This function seeks for a column containing the same
operations as Ck and sets the Cl pointer to it.
fvi( vi ) (line 16)

The fvi(vi) function calculates fvi factor for the vi operation with the following formula:

(5)
where ivi is the number of independent inputs of the operation vi, ovi is the number of system outputs of the operation vi , favi = csM –(cse +ni), csM is the maximal number of csteps admissible, and cse is the number of cstep,
which vi is assigned to, svi is the number of operations of
the same type as operation vi in the path of DFG below
the operation vi, ni is the number of cycles needed to perform the operation, pi is the p – label of the operation vi,
the minimal p label of an operation equals 0, hence addition of 1 in the denominator is necessary to avoid dividing
by 0.
The fvi value of an operation indicates its suitability
for being slowed down. It is used when there is more than
one column of the same type, in order to create least interconnected column by interchanging operations.

Fig. 3. The second stage of the IIOI/MAREL/UNILO
algorithms

interchange( vi , vj ) (line 17)

fsc_fulfiled( Ck ) (line 5)

This function performs the check of the free space
condition (fsc), defined by the formula:
(4)
where ni is the number of cycles needed to perform the
operation, lk is the number of operations assigned to the
Ck functional unit column, ro is the number of free operation slots after the first occurrence of an operation in the
Ck functional unit column.
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This function swaps the vi and vj operations, so that
the vi is located in operation slots formerly occupied by vj
and vice versa.
fck( Ck ) (line 19)

The value of the function is given by:
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Table I
Power reduction obtained by IIOI (I), MAREL (M) and UNILO (U) for HLS for chosen DFG benchmarks

Where PndCk is the normalised dynamic power dissipated in Ck functional unit column (fu-assigned to the Ck
column, PndCk is normalised to the fui having the lowest
value of Pdi), lCk is a number of operations in the Ck functional unit column.
The fck function is responsible for selecting the most
suitable column (Cms) for inserting idle operations, from
the Csu set. It chooses the column assigned to the fui that
has the highest power demand, hence gives the highest
power demand reduction when slowed down.
insert_idle_operations( vi ) (line 25)

This function simply adds new operation slots with
idle operations after the vi operation. If there is an empty
operation slot after the last cstep occupied by vi, then an
idle operation is added there. However, when there is no
empty room for a new idle operation, then the next operation in the column of vi is delayed. Next the data interconnections between vi and its successor operations must
be checked. This is done by the delay_all_successors
function described below.

containing vi, i.e. Cms is removed from the Csu set F, and
the process starts from the beginning.
EXPERIMENTAL RESULTS

In our experiments, we also have considered CSMAX
extension by 10, 20 and 50 percents. The results obtained
for chosen benchmarks [4] are presented in Table 1.
CONCLUSIONS

The level of power reduction obtained by IIOI,
MAREL and UNILO algorithms are very promising, yet
they strongly depend on the benchmark structure. The
main advantage of the presented algorithms is their simplicity which makes them very robust. Further comparison of the results obtained by IIOI, MAREL and UNILO
algorithms with the evolutionary one [2] show that for
some benchmarks heuristic algorithms give better results.
Moreover, the heuristic algorithms run in significantly
shorter time than evolutionary ones and in many cases
lead to the acceptable results.

delay_all_successors( vi ) (line 26)
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