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Abstract

This paper presents a heuristic scheduling algorithm for
heterogeneous specifications, those formed by operations of
different types and widths. The algorithm extracts the common
operative kernel of the operations, and binds afterwards
operations to cycles with the aim of distributing uniformly the
number of bits calculated per cycle. In consequence, operations
may be fragmented and executed during a set of non-necessarily
consecutive cycles, and over a set of several linked simple
hardware resources. The proposed algorithm, in combination
with allocation algorithms able to guarantee bit-level reuse of
hardware resources, obtains considerably smaller datapaths than
the ones proposed by conventional synthesis algorithms. In the
datapaths produced the type, number, and width of the hardware
resources are independent of the type, number, and width of the
specification operations and variables.

1. Introduction

Conventional High—Level Synthesis (HLS) algorithms try to
obtain RT—level circuits with a trade-off between their latency
(number of cycles needed to perform a computation), and the
cost of their hardware (HW) resources (related to the maximum
number of operations executed in a cycle). The synthesis is
basically performed in two steps: scheduling (sets the cycle in
which every operation starts its execution) and allocation
(selects the HW resources in which every operation is executed
and every argument is stored).

In order to obtain small circuits, conventional HLS algorithms
try to balance the number of operations executed per cycle, and
keep HW resources busy during most cycles. Nevertheless, in
almost every cycle some HW waste (percentage of idle
hardware resources) appears due to two main factors: the
operation mobility (range of cycles in which every operation
may start its execution, subject to data dependencies and given
time constraints) and the specification heterogeneity (number of
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different operation types and widths occurring in the
specification).

The operation mobility influences the HW waste because a
limited mobility makes perfect distributions of operations
among cycles impossible to reach. Even in the hypothetical case
of specifications without data dependencies, some waste
appears when the latency is not a divisor of the number of
operations.

The specification heterogeneity influences the HW waste
because HLS algorithms usually treat separately operations with
different types or widths, preventing them from sharing the
same HW resource. In consequence, a particular mobility
dependent HW waste appears for every different (type, width)
pair that occurs in the specification. This waste even appears
when more efficient HLS algorithms are used. For example,
many algorithms are able to allocate operations of different
widths to the same functional unit (FU), but if an operation is
executed over a wider FU (extending its arguments), the FU is
partially wasted because some bits of the result are computed
but not really needed.

On one hand, the mobility dependent HW waste could be
reduced by balancing the number of bits calculated per cycle
instead of the number of operations. In order to distribute
uniformly the number of bits calculated, the operations should
be fragmented.

On the other hand, the heterogeneity dependent HW waste
could be reduced by synthesizing jointly all compatible
operations (those with a common operative kernel),
independently of their widths. This definition is transitive and
considers trivial cases like the compatibility between additions
and subtractions, and more complex ones like the compatibility
between additions and multiplications. This requires algorithms
that in addition to the previous capabilities also fragment
compatible operations into their common operative kernel plus
some glue logic.

In both cases, each operation fragment inherits the mobility of
the original operation and is scheduled separately. In
consequence, one original operation may be executed during a
set of non-necessarily consecutive cycles, starting in the earliest



one from the least significant bits, and over a set of linked HW
resources. In the datapaths designed following these strategies
the number, type, and width of the HW resources are in general
independent of the number, type, and width of the specification
operations.

To most directly present these design strategies, the example
illustrated in Fig. 1 is used. Fig. 1a) shows a fragment of a data
flow graph. Figs. 1b) and 1c) show the scheduling and the FU
cost of the implementation proposed by respectively, a
conventional algorithm and a more efficient one (proposed by
our approach). Fig. 1d) shows, for the second scheduling, the
set of FUs selected to execute every operation scheduled in the
first cycle. Note that every multiplication is executed over a set
of chained adders, and some of the additions over a set of
adders linked to propagate the carry signals. For example, the
10x6 bit multiplication (P=LXM) is executed during the first
and third cycles; in the first cycle the 10 bits addition and the
first addition of this multiplication are chained, the partial result
produced is stored until the third cycle in which the execution of
the multiplication resumes.

In the next sections we present a scheduling algorithm able to
balance the number of bits calculated per cycle, and that
includes a pre-processing phase to extract the common
operative kernel of specification operations. In combination

b)

with allocation algorithms able to allocate operations over
several linked FUs [1], our approach obtains smaller circuits
than the ones proposed by conventional algorithms.

2. Related Work

The HW waste problem appears when heterogeneous
algorithms are executed over HW architectures with shared
resources. Especially relevant is the case of DSP algorithms
(e.g. an ADPCM encoder includes around 20 different data
representations and 40 different operations types), which has
been addressed from different perspectives:

a) DSP processor programming. HW waste appears because
the DSP software computational model consists of a set of
pre-designed fixed word-length computational units responsible
of executing all the operations. So, heterogeneous specifications
are transformed into other ones whose operation types and
widths match these of the computational units. Truncation,
extension, rounding, and conversion operators must be applied
in order to adjust operation widths [2].

b) RT-level synthesis of DSP algorithms. The most common
RT-level computational models are: bit-parallel (processes a
complete word of the input sample per cycle), bit-serial
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Fig. 1. a) Data flow graph, b) scheduling proposed by a conventional algorithm, c) more efficient scheduling, d) datapath
obtained from the 2" scheduling (allocation of the operations executed in the 1% cycle).



(processes a bit of the input sample per cycle) and digit-serial
(processes a word fragment called digit per cycle). The
heterogeneity problem appears only in bit and digit-serial
implementations, and it is solved by fragmenting the
specification operations into new operations whose widths allow
the maximum bit-level reuse of HW resources [3][4].

c¢) HLS of DSP algorithms. Conventional scheduling
algorithms  synthesize heterogeneous specifications by
balancing the number of operations of every different type
executed per cycle, and binding operations to FUs of the same
width [5][6]. More efficient algorithms allow the execution of
operations over wider FUs [7][8]. And in order to obtain
smaller datapaths some authors propose algorithms which
perform the scheduling and allocation phases at the same time.
In [8] the proposed algorithm involves an iterative refinement of
operator word-length information, leading to a scheduled and
bound data-flow graph. Some authors admit that these trivial
solutions are not good enough and suggest (but not implement)
other alternatives, like for example the execution of one
operation during several cycles [7].

3. Proposed Algorithm

Our scheduling algorithm takes into account the following two

features in order to obtain the maximum bit-level reuse of

datapath HW resources:

= complex operations may be executed over simpler linked
HW resources,

= any operation can be executed during a set of
non-necessarily consecutive cycles (saving the partial
results and carries produced), if data dependencies and
given time constraints allow it.

The scheduling is performed in three phases: first the common

operative kernel of compatible specification operations is

extracted, next the algorithm performs a virtual scheduling of

these new operations trying to balance the number of bits

calculated per cycle, and finally a compaction phase produces

the definitive operations to be allocated. Fig. 2 shows a schema

of the algorithm.

3.1 Kernel Extraction

As it has been shown in the introduction, some operations have
a common operative kernel whose extraction may improve HW
reuse. Adders are the most versatile HW module, and most
operations may be executed over a set of adders linked with
some glue logic. This is why in this version of the algorithm the

BEGIN
AdditiveOperations2Additions(OP);
Unscheduled = OP;
Bound = PerfectDistribution(OP, A);
REPEAT
F = CalculateForces(Unscheduled);
BestOC = SelectMinForce(F);
IF Bound < (BitsSched(BestOC.cycle)+Width(BestOC.op))
THEN

Fragment(BestOC.op, opl, op2);

Schedule(opl, BestOC.cycle);

Add(Unscheduled, op2);

FOR ope IN (Suc(BestOC.op) O Pred(BestOC.op)) DO
Fragment(ope, opl, op2);
Remove(Unscheduled, ope);

Add(Unscheduled, opl);
Add(Unscheduled, op2);
END FOR,;
ELSE Schedule(BestOC.op, BestOC.cycle);
END IF;
Remove(Unscheduled, BestOC.op);
UpdateDependencies(Unscheduled);
IF UnreachableSolution(Bound,Unscheduled,BestOC.cycle);
THEN
Bound = Bound + Correct(Unscheduled, BestOC.cycle);
END IF;
UNTIL Unscheduled = &;
CompactScheduling;
END;

Fig. 2. Algorithm to perform the scheduling of
heterogeneous specifications.

pre-processing phase extracts the additive kernel of the
specification operations. The operation types considered in this
version are: multiplication, addition, subtraction, comparison,
maximum, minimum, absolute value, code converters, and data
limiters, for both two complement signed and unsigned
operands.

For example, one comparison may be transformed into one
subtraction, and one subtraction into one addition, thus one
comparison may be transformed into one addition. These
operation transformations are shown in Fig. 3.

An unsigned mxn bits multiplication (being m = n) is
transformed into N-1 chained additions of m bits, as it is shown
in Fig. 4. A two complement signed mxn bits multiplication
(being m = n) is transformed into n-2 additions of m-1 bits, one
addition of m bits, and one addition of n+1 bits, all of them
chained as it is shown in Fig. 5. This structure corresponds to a
Baugh and Wooley multiplier [9] with its partial results
reorganized. We have selected this multiplier because its
uniform structure, constructed entirely with conventional full
adders, has a bigger additive kernel (and in consequence less
glue logic) than other proposed implementations.
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Fig. 3. a) Transformation of a comparison into a subtraction, b) subtraction into addition, c) comparison into addition.



3.2 Scheduling

This scheduling phase is a variant of the popular and classical
force-directed scheduling algorithm [10]. The intent of the
original method is to minimize HW cost subject to a given time
constraint (A) by balancing the number of operations executed
per cycle. For every different type of operations the algorithm
successively selects, among all operations and all execution
cycles, an (operation, cycle) pair according to an estimation of
the circuit cost called force.
By contrast, the intent of our variant is to minimize HW cost by
balancing the number of bits calculated per cycle. Our method
successively selects, among all operations (additions after
kernel extraction phase) and all execution cycles, a pair formed
by an operation (or an operation fragment) and an execution
cycle, according to a new force definition that takes into
account the operations widths.
In order to ease the understanding of this phase some definitions
are introduced first:
=  OP: set of specification operations.
= EOP, (estimated operations in cycle C): set of operations
whose mobility makes their scheduling fossible in cycle C.

EOP, ={opDOP‘ ¢ Optop

where the mobility of the operation op is defined by:
Hop :{ cON ‘ O4sap(0P) S C <0, 4p(0P)

= SOP¢: set of operations scheduled in cycle C.
sop, ={ op 0P | o(0p) =}

A
initially, USOPC =@
c=l
and, at the end of the algorithm, Oc0{1,..,A} SOP, = EOP,
= UOP¢: set of unscheduled operations whose mobility makes
their scheduling possible in cycle C.
UOP, = EOP, —SOP,

Xm1.0 Yo

Fig. 4. Transformation of a mxn bits unsigned
multiplication into additions.

initially, OcO{1,..,A}° UOP, = EOP,

A
and, at the end of the algorithm, UUOPC =@

c=l

= P(op, c): probability of scheduling operation 0p in cycle €

(assuming that all bindings to feasible execution cycles
have equal probability). Operation op covers cycle ¢ with
probability P(op, C).

1 .
P(0p.c) = |u0p " ifc Hop
0 otherwise

= EOC(c) (estimated operation cost in cycle C): average
value of the number of operation widths covering execution
cycle c:

EOCE@= ) (width(op) [P(op,c))
opLIEOP,

= BS(c): number of bits scheduled in cycle C.

BS(c) = z width(op)
opSOP,

Once introduced these definitions, we are ready to define the
force associated with an operation to cycle binding. It measures
how desirable the binding is, considering that fixing the cycle in
which an operation starts its execution possibly affects the
mobility of data dependent operations, resulting in additional
changes in the EOP; set for all cycles. So the force associated
with a certain operation to cycle binding is the addition of the
self force of the binding and the affected force of all the
successors and predecessors of the operation. The overall
formula is:

F0p.0)=SFOp.0)+ 3 ARG+ 3 ARG
opTSuc(op) opTPre(op)
where,  SF(op,c) =EOC(c) - § L€
iDMop HHOpH
and. ARG = 3 O - 5 TSN
idugy" |[Hop iCugy’ |[op

being pfe" and py'  the new and initial mobility of the

affected operation.
The smaller or more negative the force expression is, the more
desirable an operation to cycle binding becomes.
Additionally, our algorithm binds operations (or operation
fragments) to cycles subject to an adaptable bound, whose
initial value equals to:
width(op)
opLIOP
A

This value corresponds to the most uniform operation bits
distribution among cycles, not including data dependencies.
Because this perfect distribution is not always reachable, the
bound is updated during the scheduling in the way explained
below.

The scheduling algorithm consists in a loop which finishes when
all the operations and all the operation fragments have been



scheduled. In every step a pair (0p, C) formed by an operation
and one of its mobility cycles is selected using the force
measure. If the number of bits already scheduled in the selected
cycle plus the width of the selected operation does not reach the
bound, that is:

BS(c) + width(op) <bound

then, the operation is scheduled in the selected cycle. Otherwise
the operation is fragmented into two new operations whose
widths are:

width1l =bound - BS(c)

width2 = width(op) — width1

The first fragment is scheduled in the selected cycle, and the
other one remains unscheduled with its original mobility. In
order to avoid any reduction in the mobility of the predecessors
and successors of the fragmented operation, they are also
fragmented. These fragmentations divide the computation path
into two new independent ones, in which the two fragments of a
same operation may have different mobility. For example, Figs.
6a) and 6b) show respectively, a computation path and the
mobility of its operations, and Figs. 6¢) and 6d) show
respectively, the resulting computation paths and the mobility of
the new operations after scheduling an X bit fragment of
operation B in cycle i.

n+1

Zm+n-1..m-1

Fig. 5. Transformation of a mxn two complement signed
multiplication into additions.

Once an operation (or a fragment) is scheduled in a cycle c, the
algorithm checks if the distribution of operations among cycles,
defined by the actual value of the bound, is still reachable.
Otherwise the value of the bound is updated with the next
reachable most uniform distribution. This occurs when:

a) The number of bits scheduled in cycle ¢ does not reach the
bound and there are no more operations which could be
scheduled in it, either because the operations which originally
could be scheduled in cycle ¢ are already scheduled, or their
mobility has changed, that is:

(BS(C) < bound) D(UOPc = (p)

The new bound value is the old one plus the number of bits
needed to reach the bound in cycle ¢ divided by the number of
open cycles (those included in the mobility of the unscheduled
operations):
bound —-BS(c)
Joc]

where, OC = {c ON ‘ UOP, # go}

b) The number of bits scheduled in cycle € is equal to the
bound and there is at least one unscheduled operation whose
mobility includes cycle ¢, but even fragmented cannot be
scheduled in its mobility cycles, that is:
BS(c) =bound O
OopO UOPC‘ Z (bound - BS(c)) < width(op)
cluop

The new bound value is the old one plus, for every operation
satisfying the above condition, the number of bits which cannot
be scheduled divided by the number of cycles of its mobility:
width(op) - z (bound - BS(c))
clUpop

=

The proposed scheduling algorithm supports both chaining and
multi-cycle features. Chaining (execution of several
data-dependent operations in the same cycle) is implemented by
extending the mobility of fast operations into the previous
and/or next cycles (being the total propagation delay less than
the clock cycle). In this case, in order to calculate the
earliest/latest cycle in which an operation may start its
execution, it is necessary to take into account the addition of the
propagation delays of all the predecessor/successor operations
that could be scheduled in the same cycle. Although multi-cycle
feature (execution of an operation during a set of consecutive
cycles) is rarely implemented with adders, it is included in the
algorithm by extending the mobility of operations that require
several cycles for execution. This extension requires a new
method for calculating the contributions of multi-cycle
operations to the estimated operation cost, EOC(c). For its
calculation, every stage of multi-cycle operations is treated as
an individual operation dependent on the other stages.

3.3 Compacting Operations

This phase produces the definitive set of operations to be
allocated by joining those fragments of the same original
operation scheduled in the same cycle.
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Fig. 6. a) Computation path, b) mobility of the operations, c) new independent computation paths after scheduling a fragment of

operation B, d) mobility of the new operations.

When, as a result of the scheduling phase, an operation is
executed in several cycles, the result is calculated by starting in
the earliest cycle from the least significant bits, and storing its
partial results until its latest execution cycle. In order to perform
correct computations the partial carry signals of these
operations need to be stored.

3.4 Allocation Requirements

In order to take advantage of those schedulings obtained by the
proposed algorithm, we also need allocation algorithms able to
implement the following design strategies: the execution of one
addition over a wider adder, or over a set of narrower adders
linked by some glue logic. One allocation algorithm including
these features is proposed in [1].

4. Experimental Results

In this section we present the factors that influence the
implementations obtained both by conventional algorithms and
by our approach, and the experimental results carried out in
order to measure the quality of the implementations proposed.

4.1 Implementations Quality Influences

The main difference between conventional synthesis algorithms
and our approach is the number of factors that could influence
the quality of the implementations obtained.

The implementations proposed by conventional algorithms
depend on the specification size, the operation mobility, and the
specification heterogeneity. Otherwise, our algorithm gets
implementations totally independent from the specification
heterogeneity, i.e. independent from the type, width and number
of the operations used to describe behaviours.

To illustrate the influences presented above we have
synthesized, using our scheduling algorithm in combination with
the allocation one presented in [1], and Synopsys Behavioral
Compiler, different descriptions of a specification, originally
formed by 50 operations (20 of them were multiplications), and
a latency equal to 10 cycles. Fig. 7 a) shows the amount of area
saved by our approach in function of the specification
heterogeneity (ratio of the number of different widths of every
different operation type in the specification to the number of
operations).

4.2 Experimental Saved Area

In order to measure the quality of the implementations obtained
by our algorithm, they have been compared to those proposed
by Synopsys Behavioral Compiler. We have synthesized a wide
collection of randomly generated heterogeneous specifications,
formed by compatible operations (operations with an additive
kernel listed in section 3.1) of different widths. Specifications
sizes ranged from 10 to 100 operations (about 40% were
multiplications), and latencies varied from 4 to 30 cycles.
Results show that the areas of the implementations obtained by
our approach are always smaller than the ones of the circuits
proposed by the commercial tool. For the circuits synthesized,
the average area saved by our approach is about 65%. Fig. 7 b)
shows the average area of the implementations obtained both by
Synopsys and our algorithm, grouped by the number of
specification operations.

5. Limitations and Future Work

The solution proposed is well suited for cell based technologies
(FPGAs, standard cells, etc) but could not be appropriate for
macro-cells ones, because the exhaustive transformation of
operations into additions could waste the benefits of a structured
design (regularity, locality, etc). In these cases, selective
transformations are needed, and a certain HW waste should be
tolerated. For example, if it is possible to obtain a distribution
of operations to cycles in which an equal number of operations
of a same type and width is scheduled in most cycles, then those
operations should not be transformed into additions.

In order to obtain structured datapaths, the scheduling of
operations of every different type and width should be
performed separately, except for additions. So there should be
as many scheduling processes as the number of different
operation types and widths in the specification.

Because complex operations may be transformed into a set of
simpler ones, the scheduling should be performed beginning
with the most complex operations and finishing with the
simplest ones (additions). And also, for every operation type the
wider ones should be scheduled first, because wider operations
may be transformed into a set of narrower ones.

If after any of the scheduling processes a good distribution
(some HW waste may be tolerated) of operations to cycles were
not reached, then those operations which unbalance the
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Fig. 7. a) Percentage of area saved by our algorithm in comparison with Synopsys Behavioral Compiler, b) average
area of some implementations proposed by Synopsys and our algorithm.

distribution should be transformed into a set of simpler ones to
be scheduled afterwards.

For example, an mxn bits two complement signed multiplication
(being m = n) could be transformed into one (M-1)x(n-1) bit
unsigned multiplication and 2 additions of m and n+1 bits, as it
is shown in Fig. 8. And an mxn bit unsigned multiplication
(being m = n) could be transformed into r unsigned
multiplications whose dimensions were: mxk;, mxk,, ..., and
mxk, bits (being k; + k, + ... + k. = n), and r-1 additions of
m+k1, m+k2,. . m+kr_]_ bits.

6. Conclusion

This paper presents a scheduling algorithm especially suited for
heterogeneous specifications and cell based technologies. In
order to reduce the HW waste produced by conventional
algorithms, it takes advantage of the common operative kernel
extraction of compatible operations. And in order to increase
the bit-level reuse of HW resources, it balances the number of
bits calculated per cycle by fragmenting specification
operations.

Experimental results show that circuits synthesized using this
scheduling algorithm in combination with allocation algorithms

n+1

Zmn-1.m-1

Fig. 8. Transformation of a mxn two complement signed
multiplication into one multiplication and two additions.

which satisfy the requirements presented in subsection 3.4, have
smaller area than the implementations offered by commercial
tools. The amount of area saved by our approach grows in
general with the specification heterogeneity.
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