Fast Profotyping of
Deatapath-intensive

The fast prototyping of datapath-
intensive architectures—such as
those used in high-performance,
real-time systems in telecommuni-
cations, speech, video, and image
processing—is ineffective and time
consuming at present. An example
of this type of architecture appears
in Figure 1, which shows an exam-
ple of the datapath section of a
Viterbi processor used in con-
nected speech recognition. Be-
cause this processor demands ex-
tremely high throughput, a classical
Von Neumann style of architecture
is not acceptable. In the Von Neu-
mann style,all operations are multi-
plexed on a single-data general-pur-
pose datapath, and the content of
the controller largely determines
functionality. In this processor, the
small ratio of sampling frequency
to clock frequency prohibits exten-
sive operation multiplexing. Thus,
the emphasis shifts from the con-
trol to the datapath section.

As Figure 1 shows, the datapath is
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The authors describe Hyper, a synthesis
environment for reaMime systems with
datopathrintensive architectures. Hyper uses a
single, global quality measure throughout the
system fo drive the exploration of the design
space. This unique approach effectively merges the
allocation of hardware, the application of
transformations, and the handling of hierarchy in o
consistent way. Hyper’s modular organization
around a central database also allows new
software modules to be introduced easily. Loyouts
generated using Hyper are more area efficient
than layouts done using the more traditional
methods based on one-te-one mapping or the use
of multiprocessors.

tion, other optimizations are
needed.One is to develop the itera-
tions of the inner loop (software
pipelining). The fast prototyping of
such a structure is rather cumber-
some. We can either use discrete
components (bit slices) or try to
use programmable devices,such as
video signal plrocessorsl or field-
programmable gate arrays.2 Using
VSPs tends to result in a complex
and costly system design problem,
while using FPGAs makes it hard to
get real-time behavior and usually
requires multiprocessor solutions.
Although some efforts are under
way to develop field-programma-
ble datapath architectures,2
custom or semicustom design is
the only effective solution at pres-
ent.

Traditionally, designers have
adopted a black-orwhite approach
to the design of datapath-intensive
architectures: They use either a di-
rect one-to-one mapping approach
or a multiprocessor approach. In

almost a direct representation of

the computation graph,and each opera-
tor has dedicated hardware assigned to
it. Extensive pipelining helps to meet the
clocking requirements. The processor’s
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controller is a simple finite-state ma-

chine that has only 20 states.
Furthermore, to meet the stringent

real-time requirements of this applica-
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the one-to-one mapping, a dedi-
cated hardware unit is provided for
each operation. In the multiprocessor
approach, the algorithm is partitioned
over multiple concurrent processors,
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each of which has a multifunction ALU
combined with a simple controller.

This black-orwhite frame of mind is
not very effective because the ideal so-
lution falls somewhere between these
two extremes. The best solution may be
to implement the algorithm on a com-
plex cluster of dedicated datapaths, limit
resource sharing, and control computa-
tion with a simple controller—as was
done in the Viterbi processor in Figure 1.

Synthesizing such an architecture is a
challenge. Designers tend to over-
emphasize pipelining, for instance, not
realizing that the cost of a register is a
third to half the cost of an adder. They
also tend to devote most of their effort
to optimizing the clock frequency, when
optimizing the algorithmic flow graph it-
self gives solutions that are orders of
magnitude better.

These problems in the design of
datapath-intensive architectures have
given rise to research on better CAD
tools—tools that satisfy the constraints
inherent in the design of this class of ar-
chitectures.

The Hyper synthesis
environment

We have conducted this type of re-

search at the University of California,
Berkeley. The result is the Hyper system,
which provides a completely integrated
synthesis environment for real-time ap-
plications.

We can define synthesis for realtime
applications as the following optimiza-
tion: Given an input computational
graph,a number of real-time constraints,
and a hardware cell library, find the
hardware implementation with the least
area.

This process requires executing many
operations and/or transformations, each
of which is considerably complex. Fig-
ure 2 displays the elements of the Hyper
system. The realtime application is de-
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| scribed in Silage, a signal-flow-graph lan-
guage.3 Hyper parses and compiles this
description into an intermediate con-
trol-flow/dataflow database, or CDFG.
The CDFG represents the algorithm as a
dataflow graph, extended with some
macro control-flow statements such as
loops and if-then-else structures.

The graph serves as a central reposi-
tory,on which synthesis operations,such
as complexity estimations, flow-graph
transformations, and hardware alloca-
tion and scheduling are executed. The
results of these operations are back-an-
notated onto the database. As a result,
the Hyper system is very modular, and
new tools are easily integrated into it.

Because the system can generate a

simulation model of the flow graph at
any point,we can verify the correctness
of the executed operations and check
their effects on performance parame-
ters,such as the signal-to-noise ratio.
Finding an optimal solution for hard-
ware synthesis is not trivial because
most of the synthesis operations just
mentioned have a high computational
complexity. Furthermore, the ordering of
operations,such as the transformations,
affects the quality of the final solution.
in Hyper, we implemented the overall
synthesis procedure as a search process.
From an initial solution, Hyper proposes
new solutions by executing a number of
basic moves, such as adding or remov-
ing resources, changing the time alloca-
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Figure 1. Datapath section of the Viterbi processor
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tion for different subgraphs in the algo-
rithm, or applying an optimizing graph
transformation.

The assignment module checks the
feasibility and the precise cost of a pro-
posed solution. The synthesis manager
manages the overall search or overall
synthesis process and decides either in-
teractively or automatically what move
to perform next.It bases this decision on
the results of the estimation process and
the feedback of the scheduling module
on bottlenecks and problem areas.

The synthesis manager is the single
most important feature of Hyper and
distinguishes it from the multitude of
synthesis systems proposed.4 Through-
out the exploration of the design space,
Hyper uses a single, global quality mea-

sure, called resource utilization, to drive
the search. This unique approach effec-
tively merges synthesis operations such
as transformations, allocation, and hier-
archy handling in a consistent way.

Once Hyper arrives at an acceptable
solution, it stops the search and maps
the solution graph onto a hardware ar-
chitecture. Designers can use silicon
compilers to generate the silicon. In
Hyper, we use the Lager IV silicon as-
sembler?

To demonstrate the effects of synthesis
operations and to show the quality of
the proposed algorithms, we describe
the functions of the Hyper modules here
in terms of a simple example—a sev-
enth-order biquadratic IIR filter.

Input: Silage language

func fir (in: fix) Out: fix =
Out = Sum {(i = 1...N) :: c[i] xIn@i}

Simulation

Flow-graph transformations
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;
:

Estimation

Minimum bounds on hardware
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Figure 2. The Hyper software environment.
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Behavioral
specification

Properly representing the algorithm is
crucial to the performance of any syn-
thesis environment. The representation
should allow for efficient synthesis, re-
gardless of whether the description is
dataflow oriented,control-flow oriented,
or both. Information on the algorithm’s
data flow exposes all the available paral-
lelism in the algorithm, allowing for
area/performance trade-offs. If we know
something about the overall control
flow of the algorithm, we can design a
fast control unit that is area efficient. For
these reasons, the heart of the Hyper
synthesis system is a mixed control-
flow/dataflow graph.

Control-flow/dataflow graph

The CDFG represents the algorithm es-
sentially as a flow graph, with nodes,
data edges, and control edges. The
nodes represent data operations, while
the edges represent data precedences
between those nodes. In addition, we
can introduce control edges to enforce
extra precedence rules between nodes.
For example, we can say that the execu-
tion time of operation X has to trail the
execution of operation Y by at least N
clock cycles.

Aside from standard arithmetic opera-
tions, the CDFG allows a number of
macro control-flow operations such as
loops and if-then-else blocks. By intro-
ducing these control statements, we can
get a hierarchical graph whose sub-
graphs represent the bodies of loops or
conditionals. The subgraph contracts
into a single node at the next hierarchy
level. This hierarchical representation is
both compact and descriptive, and
stores the flow graphs more efficiently.
Furthermore, we can more cleanly de-
fine the algorithm’s macro control flow,
which gives us more efficient control
structures.
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Hyper stores the flow graph in the Oct
database,® which we have extended
with a versioning mechanism to track
the subsequent phases of synthesis. We
can also view the flow-graph structure
schematically at every cycle in the de-
sign process using a schematics place-
ment and routing tool.

Silage translation

Silage is a signal-flow language3 devel-
oped especially for the specification of
digital-signal-processing algorithms. We
developed a translator to translate Si-
lage into a control-flow/dataflow graph
with essentially the same hierarchical
structure. The transformation program
also executes some standard, architec-
ture-independent transformations, such
as the elimination of dead code, mani-
fest expressions, and algebraic identi-
ties.

Figure 3 gives the Silage description of
our example, the seventh-order biquad-
ratic IIR filter. The filter is composed of
three cascaded biquads and one first-
order section. This hierarchical struc-
ture, defined by the user in Silage, is re-
tained in the initial CDFG. In later
synthesis operations, however, we might
manipulate this hierarchy, by either flat-
tening or clustering the nodes.

Behavioral simulation

Simulating the algorithm is an essen-
tial part of synthesis. Simulation verifies
the functionality of the algorithm and
the transformations performed. It also
optimizes and checks the value of many
performance parameters such as the sig-
nal-to-noise ratio, the effects of trunca-
tion on the transfer function,and the dis-
tortion and the presence of small- and
large-scale limit cycles. For instance, a
simple flow-graph transformation that
replaces a multiplication with a con-
stant by a sequence of add/shift opera-
tions can change the effects of trunca-
tion and hence the signal-to-noise ratio
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of the algorithm.

The simulation generator changes the
CDFG description into executable C
code. It generates two simulation mod-
els. The first uses floating-point data
types, while the second models data as
fixed-point entities. The floating-point
mode offers quasi-infinite precision,
while the fixed-point mode uses the
exact data type defined in the flow
graph and thus allows for the modeling
of truncation and rounding effects. In
this way, we can accurately model the
noise and distortion behavior of the sys-
tem at every phase of the design.

Module selection

Given a behavioral description of an
algorithm represented by a signal-flow
graph, Hyper’s first task is to select the
most suitable hardware modules in a
way that ensures minimal hardware cost,
given timing and throughput constraints.
Hardware selection has three goals:

m toselect the clock period if the user does
not specify it

m to choose proper hardware modules for
all operations

m to determine which variables should be
stored in registers, or in other words,
which operators can be combined into
more complex combinational modules

Most published datapath-synthesis sys-
tems either consider only a fully
pipelined architecture,7 meaning that
each intermediate result is stored in a
register, or do not consider pipelining
and resource sharing simultaneously.8
Solutions from either of these ap-
proaches tend to be inefficient. If an al-
gorithm is fully pipelined, the available
clock period might be used inefficiently.
Furthermore, performing operations in
sequence without intermediate registers
can reduce the critical path. For in-
stance, the delay of two carry-propagate
additions in series is shorter than two

times the delay of a single addition,
since we have to account for the carry
propagation only once.

Clustering operators, on the other
hand, creates more complex modules,
which could reduce the chances of
sharing resources and hence increase
the hardware cost.

Both hardware selection and pipelin-
ing are at least NP-hard problems. These
problems become even more compli-
cated when considering timing con-
straints and units that may perform mul-
tiple functions, such as an ALU. In light

#define num16fix,8

func main (In: num16) Out : pum16 =
begin ,
Coef1 ={-1.3125,0.625, 1, 1},
Coef2 ={-1.25,0.75,0.0625, 1};
Coef3={-1.125,0.921875,-0.25, 1};
Cosfd ={-0.71875, 1},

In1 =num16(In = 0.001953125);

1n2 = biguad(in1, Coef1{0}, Coef1[1],
Coef1{2}, Coef1[3]);

In3 = biquad(In2, Coef2[0], Coef2[1],
Coef2[2]; Coef2[3]);

Ind = biquad(in3, Coef3[0], Coef3[1],
Coef3[2], Coef3[3]);

Qut =firstorder(Ind, Coef4[0], Coef4[1]);

end;

func biquad(in, a1, a2, b1,b2: num16) .
numi6=
begin
state@@1 = 0.0;
state@@2 = 0.0;
state = in— (num16(a1 = state@1) +
num16(a2 » state@2));
return = state + num16(b1 = state@1) +
num16(b2 * state@2);
end;

func firstorder(in, al, b1: num16): num16=
begin
state = in—num16(al * state@1);
return = state + num16(b1  state@1);
end;

Figure 3. Silage description of a seventh-
order IIR filter.
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of this complexity, we decided that
Hyper should use the heuristic ap-
proach based on operation clustering
shown in Figure 4. The search starts
from an initial solution with all opera-
tions implemented on the cheapest
available hardware and with full pipelin-
ing. Hyper then clusters operations in a
way that favors structures with high
reusability. It simultaneously ensures
that clustering does not violate timing
constraints. During clustering, Hyper
may swap in more expensive but faster
hardware for operations on the critical
path.

During clustering, the delay of each
proposed cluster has to be checked
against the available clock period. This
estimation has to be accurate, but also
efficient, since it has to be done over
and over again during optimization. A
fully expanded bit-level timing model®
has been proposed that is very accurate,
but too time-consuming. Instead, Hyper
uses a ripple model to simplify timing
estimation. This model characterizes a
functional block using three parameters:
a ripple direction, a ripple delay, and a
one-bit delay. The model accurately esti-

Figure 4. Operation clustering.
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mates the critical path through a com-
plete datapath structure. It avoids a bit-
level expansion of the functional blocks,
while allowing us to accumulate ripple
delays correctly.

Estimation and
complexity analysis

The estimation module computes
minimum (min) and maximum (max)
bounds on the required resources.”
These bounds are important for several
reasons. First, they delimit the design
space, thus speeding up the search for
the optimum design-synthesis approach.
The computed min bounds serve as an
initial solution, which from our experi-
ence,is often very close to the final solu-
tion. Finally, the bounds serve as entries
in a resource-utilization table, which
helps guide the transformation, assign-
ment,and scheduling operations.

To make these bounds as sharp as pos-
sible, we have adopted the technique of
gradual refinement. To illustrate this
technique, consider a flat graph with a

max bound on the execution time fmax.

Hyper starts estimation by topologically

Hardware units:
1 adder
2 multipliers

Hardware units:
1 multiplier
followed by adders

ordering and leveling the graph with re-
spect to the input nodes and the output
nodes. This process yields a minimum
and maximum execution time for each
operation O; : Qin and tg’ax,respectively.
These times are often called the as-soon-
as-possible (ASAP) and as-late-as-possi-
ble (ALAP) execution times.

Hyper easily obtains an upper bound
on each resource from the ordered
graph by computing for each clock
cycle the greatest possible use of that re-
source—that is, the most parallelism
available in the graph—and maximizing
this value over the complete time pe-
riod. A resource can be an execution
unit, a register, an interconnection be-
tween execution units, or an input/out-
put bus. For the sake of brevity, we de-
scribe only execution units here.

In our example of the seventh-order
[IR filter (Figure 3), multiplications are
expanded into shifts and adds. Figure 5
shows the results of the max bound
computations for this expanded flow
graph. The figure displays the maximum
available parallelism in terms of the
number of additions, subtractions, and
shifts plotted over time. We assume that

— Adder
i m——— Subtractor
6 _ Frmpm— Shlﬁer

5 0
Time (clock cycles)

Figure 5. Concurrency graph (add, subtract
and shift) for the seventh-order filler in
Figure 3(t__ =16).

fmox -
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at most 16 clock cycles are available and
that each operation takes one clock
cycle. The figure shows that the max
bound on additions is 6,0n subtractions,
4,and on shifts, 8.

Deriving a precise lower bound is
somewhat more complicated. Hyper ob-
tains a first, but crude guess, called the
naive lower bound. The guess is the re-
sult of observing that given a number of
resources of class R; (Ng), at most Ng. *
tmax / dr; operations can be performed
on those resources, with dg, the duration
of a single operation. The required num-
ber of operations Og, is easily derived
from the computation graph,resulting in
the following lower bound on N, :

dg,
Ng 2 O, * .

max

This bound is too optimistic, however,
because it assumes that the flow graph
contains sufficient concurrency to sup-
port 100 percent use of the resource.Ob-
viously, this is rarely the case.In Figure 5,
for example, the available number of
shift operations drops below three after
cycle 8. Far more accurate bounds are
possible using a technique called dis-
crete relaxation. Discrete relaxation
turns an NP-complete estimation prob-
lem into a problem of complexity
Nr log Ng; by relaxing on some of the
scheduling constraints.”

Table 1 shows the min and max
bounds from the algorithms just de-
scribed. These techniques are easily ex-
tended to address hierarchical graphs
with loops and if-then-else constructs.

The resource-utilization table summa-
rizes the results of the estimation. The
table tabulates the min bounds on hard-
ware and timing resources for each sub-
graph. The entries in this table serve as
an initial seed as well as a selection
measure in resource allocation and
transformation. Table 2 is a sample re-
source-utilization table.
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Table 1. Min and max bounds on execution
units, registers, and inferconnections for a
seventh-order biquadrah'c filter.

Max \

‘ Resource No. of Min
|

Operations Bound Bound
add 15 2 6
shift 12 2 8
subtract 9 1 4
Registers
add 30 8 30
shift 12 8 12
subtract 18 4 18
Interconnection
addadd 4 1 3
add-shift 4 1 4
add-
subtract 6 1 3
add-io 1 1 1
shift-add 8 1 7
shift-
subtract 6 1 é
subtract-
add 7 1 3
subtract-
subtract 2 1 2
jo-shift 1 1

Exploring the
design space

The goal of exploring the design space
and allocating resources is to find the
solution that requires the least area but
complies with the timing constraints.Be-
fore Hyper starts this exploration, it has
to determine whether a feasible solu-
tion exists. By checking the critical
paths, Hyper can determine if the pro-
posed graph violates the timing con-
straints. If it does, Hyper applies transfor-
mations that optimize performance,
such as retiming for the critical path,10
pipelining,and reducing the tree height.
After it obtains an acceptable graph,
Hyper starts allocating resources.

As we explained earlier, Hyper uses a
search process to explore the design
space.9 The search is organized as an it-
erative process, in which new solutions
are proposed by applying basic moves.
These moves fall into three classes:

m changing the available hardware, also
called hardware allocation, which in-
cludes the number of execution units,
registers,and buses

m redistributing the time allocation over
the subgraphs

m transforming the graph to reduce hard-
ware requirements, which may include
pipelining and applying arithmetic laws
such as associativity and commutativity.

Table 2. Sample resource utilization table.

o ' Critical .
Block Path Cycle 1/OBuses  * +  Registers
Graph 1 cl h 1 0 1 12
Graph 2 2 t2 0 1 4 36
Graph 3 c3 t3 1 2 1 18
Total c=Y ci 1=t 1 2 4 36
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Since Hyper can make many different
moves at any point in the search, we
need an accurate,yet easily computable,
measure to rank the candidate moves
according to their effect on the overall
cost function. The resource-utilization
table from the estimation process pro-
vides the information necessary for this
ranking.

In Table 2, for example, the number of
adders required for subgraph 2 is dispro-
portionate to the required adders in the
other subgraphs. One move would be to
extend the time allocated to subgraph 2
or to select a transformation, such as re-
timing, to reduce the min bounds on the
additions in this subgraph. In effect, this
transformation would also reduce the
overall min bound, as the bottom row of
the table shows. Thus, the utilization
table serves both as a global measure of
the quality of a proposed solution and
as a guide for selecting moves.

Moves can be ranked in another way
using the assignment and scheduling
module (discussed later). Each time a
promising solution is proposed, Hyper
applies this module to determine the
solution’s feasibility. The module gathers
statistics on the ease of scheduling—
such as which resources are in short
supply and which resources are over-
supplied. This feedback information is

extremely useful in helping to select the
next move.

Since Hyper's search has to address re-
source allocation and transformations
simultaneously, the optimization strat-
egy has to be flexible enough to handle
all the attendant constraints. We could
have adopted a probabilistic, iterative-
improvement algorithm such as simu-
lated annealing except that applying
transformations and the scheduling and
assignment operations are computation-
ally expensive.

We have therefore adopted instead an
iterative search technique that is
rejectionless and probabilistic—that is,
moves are always accepted once they
are executed.'! Our approach gives
faster convergence and reduces compu-
tational complexity. Our initial experi-
ments (the search mechanism is still
under development as we write this arti-
cle) have demonstrated that we obtain
convergence with a fairly small number
of steps—three to six allocation moves
appear to be sufficient for most bench-
marks.

Transformations

A behavioral transformation reorga-
nizes an algorithm’s signal-flow graph to
improve the quality of the algorithm’s

Figure 6. Biquadratic filter before (a} and after (b} retiming.
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final implementation without altering
input-output relationships. Most behav-
joral transformations are found in soft-
ware compilers and include the elimi-
nation of constant arithmetic and
common subexpressions, the elimina-
tion of dead code, and the application
of algebraic laws such as commutativity,
distributivity,and associativity.

Most of the recent attention in this
area has focused on the transformation
of loops, since most of the concurrency
in an algorithm is embodied in loops.
Thus, the loops are likely to have the
most dramatic effect on a solution’s
quality and performance. The most im-
portant transformations in this class are
loop jamming, partial and complete
loop unrolling, strength reduction, and
the more recent loop retiming and soft-
ware pipelining.12

Loop transformations are even more
effective in real-time systems,in which a
program always contains an infinite
loop over time. Loop transformations
have been used extensively in signal
processing as a means of implementing
very fast recursive filters, for exampla13

Optimizing transformations are ex-
tremely important in hardware synthesis
and have far more effect on the quality
of the final solution than assignment
and scheduling, for instance. In Hyper,
the transformation process is an integral
part of design-space exploration.

We have implemented most of the
transformations just described—behav-
ioral, loop, and optimizing—and have
developed a number of novel transfor-
mations that are geared to the needs of
a hardware compiler. An example of
such a transformation is retiming for re-
source utilization.

Retiming is a powerful and conceptu-
ally simple transformation that has been
successfully applied in several CAD
areas. The retiming transformation
moves delays—either clocked delays in
a circuit or algorithmic delays in a be-
havioral flow graph—in a way that opti-
mizes a certain objective function. Until
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recently, the objective function was ex-
clusively the critical path or the number
of delays in a graph or a circuit.!” A
more meaningful formulation of the re-
timing problem for realtime synthesis
has since evolved. The problem is stated
in the following way: Given a signal-flow
graph, retime it such that the resulting
signal-flow graph has a minimum hard-
ware cost, yet satisfies all timing con-
straints.

The implementation with the least
cost has the most efficient resource
use—hence,the transformation is called
retiming for resource utilization. Similar
techniques have already been proposed
for structures that can be pipelined,14
but to our knowledge, they have not
been published for recursive graphs
with feedback paths, for which pipelin-
ing is not feasible.

Figure 6a shows a biquadratic second-
order filter. Assume that the available
time is four clock cycles and that all op-
erations take a single clock cycle. Obvi-
ously, at least two multipliers are re-
quired to implement this flow graph,
since all multiplications are clustered in
the earlier stages of the program, while
the additions can be performed only in
the final cycles. Thus, resource use is not
equally balanced over time. If we define
resource utilization as the ratio of the
number of cycles a resource uses to the
total number of available cycles, then
the resource utilization for adders and
multipliers in this example is 50 percent,
which indicates a relatively low quality

solution. Table 3 (Before) shows a possi-
bie schedule for this filter.

If we retime the original flow graph
(move delays), however, as Figure 6b
shows, we get a solution with one multi-
plier and one adder, which makes the re-
source utilization 100 percent. Table 3
(After) shows this solution.

Although the traditional retiming
problem has a polynomial complexity,
retiming for efficient resource utiliza-
tion is an NP-complete problem.15 We
have therefore adopted a probabilistic,
iterative approach. This approach has
the additional advantage that other
transformations such as associativity
and pipelining, are easily combined
with the retiming operation.

In the example of the seventh-order
IIR filter, the benefit of retiming for re-
source utilization is clear. Recall the
concurrency graphs before retiming
(Figure 5). Most of the concurrency in
the original graph is in the first five cy-
cles, so resource use will be low in the
later phases of the algorithm. Figure 7
shows the concurrency graphs after re-
timing. There is an overall increase in
available parallelism, which improves
resource utilization and drops the min
bounds on the resources (fmax = 16).

Scheduling and

assignment

The goal of scheduling is to select a
control step for a given operation. The

Table 3. Possible biquadratic filter schedule before and after retiming.

Before After
Cycle Multiplier ~ Adder Cycle  Multiplier  Adder
1 34 _ 1 1 8
2 12 5 2 3 6
3 — 6 3 4 7
4 — 7,8 4 2 5
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Time (clock cycles)

Figure 7. Concurrency graphs for the sev-
enth-order filter after refiming.

assignment operation determines which
execution unit will realize a given opera-
tion, from which register it will request
data, and where it will send the result
using which connection. Resource allo-
cation is closely related to these tasks,
since it reserves the number of execu-
tion units, memory registers, and inter-
connections necessary for this realiza-
tion.

Almost all scheduling and assignment
problems, even when posed in a highly
restricted form,are at least NP-complete.
Numerous approaches have been pro-
posed recently, which break down into
the following categories:4

m explicit and implicit enumeration ap-
proaches

m heuristics based on ASAP and ALAP
scheduling to obtain a global picture of
the solution space

B integer programming

m probabilistic approaches,including sim-
ulated annealing and neural nets

m continuous relaxation techniques, in-
cluding linear programming and gradi-
ent methods

]
Despite the intense activity in solving

scheduling and assignment problems,
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some aspects of the problem have not
been adequately addressed.First,in VLSI
technology, we must simultaneously ad-
dress all three components of the cost
function—the number of execution
units, memory registers, and intercon-
nections. Very few scheduling and as-
signment algorithms are doing this. Sec-
ond, none of the published approaches
describe how to cope with hierarchical
graphs, those with loops or if-then-else
constructs, in a way that gives us a glob-
ally optimal solution.

Furthermore, scheduling must con-

sider not only the structure of the signal-
flow graph, but also the available hard-
ware and its properties. Schedules for
two technologies whose functional
units have different hardware costs
could be radically different.

Hyper’s approach to scheduling and
assignment differs from established ap-
proaches in that it performs assignment
before scheduling. Assignments are pro-
duced using an iterative, probabilistic
approach. Hyper uses a simple quality
measure to characterize a proposed as-
signment that predicts the chances of

Adder 1 Adder 1

Multiplier 1

Flow graph

Figure 8. Multiplexer reduction.
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finding a successful schedule for this as-
signment.

Once an assignment is accepted,
scheduling is done using resource utili-
zation as the priority function. Opera-
tions that relax the constraints on criti-
cal resources—including execution
units, registers, or interconnection—are
given a higher scheduling priority. A re-
source is considered critical if it is in
large demand and short supply. A criti-
cal resource might also be subject to
precedence constraints, which prohibit
its use during some control steps. Prior-
ity ranking is done using the discrete-re-
laxation technique described earlier.
Scheduling is done hierarchically, in a
bottom-up fashion.

When we tested these scheduling and
assignment algorithms on a variety of
examples, they performed better or at
least as well as other algorithms with
similar or shorter CPU times. '

Hardware mapping

The last step in synthesis is to map the
allocated, assigned, and scheduled flow

graph—called the decorated flow
graph—into an actual hardware archi-
tecture. The result is a structural descrip-
tion of the processor architecture in
SDL.® which is the input to the Lager [V
silicon assembly environment.

Mapping transforms the decorated
flow graph into three structural sub-
graphs: the datapath-structure graph,the
controller state-machine graph, and the
interface graph. The interface graph de-
termines the relation of the datapath-
control inputs to the controller-output
signals. Three dedicated mapping tools
then translate those graphs into corre-
sponding structural views. Chu et all?
give a detailed description of hardware

mapping.

Datapath generation

Hardware mapping for the datapath
consists of a set of transformation steps,
applied on the datapath-structure graph.
The most essential steps are register-file
recognition, multiplexer reduction, and
datapath partitioning.

In registerfile recognition and multi-

Register file Register file
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plexer reduction, Hyper merges individ- |
ual registers as much as possible into
register files. This process reduces the
number of bus multiplexers, the overall
number of buses (since all registers in a
file share input and output buses), and
the number of control signals (since a
register file uses a local decoder).Figure
8 illustrates the idea of the multiplexer-
reduction transformation.

Hyper partitions the datapath to opti- .
mize the processor floor plan. A non- |
partitioned datapath tends to be very
long and thin with longer local intercon-
nection wires and lost space because of
cell stretching. Hyper therefore parti- :
tions the datapath using the word length
of the data streams and the locality of in-
terconnection as the main criteria.

In addition to these algorithmic trans-
formations, hardware mapping consists
of a number of translation steps such as
selecting the final hardware module
and expanding operators into basic li-
brary cells. A rule-based library
database provides details of the avail-
able cell library, giving functionality,
speed,area,and “black box” views.

Control-path generation

Hyper also derives the control path of
a processor from the decorated flow
graph. First, it generates a state-transition
diagram using the scheduling informa-
tion. This procedure is recursive be-
cause of the flow graph’s hierarchical
nature.

Hyper then allocates hardware for the
status registers, the interface logic, and
the finite-state machines. (The resource-
allocation step described earlier does
not include these three parts,which con-
stitute the control path).

Hyper uses a demand-driven algo-
rithm to allocate the interface logic be-
tween the datapaths and the finite-state
machine. The algorithm ensures that no
redundant logic is allocated by tracing
the flow graph recursively and using a

set of heuristic rules to decide if a logic

JUNE 1991

Table 4. Comparison of four IIR filter implementations.

Impl. 1 impl. 2 Impl. 3 Impl. 4
Clock cycles 20 16 13 10
Adder 1 2 2 2
Subtractor 1 1 1 2
Barrel shiffer 1 1 1 2
Register 36 37 41 46
Tristate buffer 15 17 16 25
Area (mm?) 13 18.9 18.6 27.95

operation is to be performed in the in-
terface logic or in the finite-state ma-
chine. The interface logic is then parti-
tioned in correspondence with datapath
partitioning.

Next, Hyper generates a finite-state-
machine description from the transition
diagram and the interface logic. Before
generating the final control structure,
Hyper executes other optimization steps
to reduce the size of the finite-state ma-
chine and to simplify the wiring be-
tween the control path and the datapath.
These steps include isolating local con-
trol signals from global ones, merging
equivalent or complimentary signals,
and introducing decoders.

The output of controller synthesis is a
registertransferlevel description of both
the controller finite-state machine and
the interface logic. We use the MIS-I
logic synthesis environment to generate

| the final controller.'®

We have used the results from analy-
ses and critiques of the many layouts
Hyper has produced to improve the
area efficiency of hardware mapping.
This process of continual refinement
has influenced the heuristics for
datapath and control-path partitioning.

One remaining problem is the wiring,
which takes up a significant amount of
the area. To combat this problem, we are
looking at alternative layout strategies,

which include merging datapaths and
interface logic, as well as at ways to
more accurately estimate wiring.

Comparing
implementations

We generated four versions of the 1IR
filter in Figure 3 using Hyper and Lager
IV. Each implementation, generated
using a two-micron CMOS library, has
different timing constraints and is parti-
tioned into three datapaths and three
control slices. A single finite-state ma-
chine controls each filter.

We analyzed the functional correct-
ness of all produced layouts using the
Thor functional simulator and checked
simulation results against simulation re-
sults at the Silage level. Although this
test is by no means complete, it gives us
sufficient confidence in the correctness
of the applied transformations and syn-
thesis operations.

Table 4 shows some implementation
results. Implementing the same filter on
a general-purpose signal processor such
as the Motorola 56000—a 24-bit, 20-MHz
fixed-point signal processor with con-
current multiply/accumulate and ad-
dress-generation unit—would take at
least 27 clock cycles of manually opti-
mized assembler code. To generate the

a9
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DISTRIBUTION OF
CPUTIME

OVER SYNTHESIS
MODULES

The following CPU imes are for
designing the IR filter on a Sun
4/100.  Computation times in-
clude database access times. The
graph has 42 nodes, 43 edges.

Flow-graph generafion 0.8 sec
Module selection 1.8 sec
Estimafion/allocation 1.7 sec
Retiming 7 4 sec
Assignment/scheduling 1.9 sec
Hardware mapping =1 min
Layout generation =1 hour

code from a high-level description in C
(at a comparable level to Silage), we
would need 209 control steps!

Figure 9 shows the layouts of three im-
plementations properly scaled to show
the relative sizes. As we expected, the
area grew almost linearly when the exe-
cution time went down. The box at left
shows the distribution of CPU time over
the synthesis modules for this particular
example.

lrhe most important characteristic of
the Hyper synthesis system for arithme-
tic-intensive processors is its use of a sin-
gle, global quality measure throughout
the system to drive the exploration of
the design space. This unique approach
effectively merges the allocation of
hardware, the application of transforma-
tions,and the handling of hierarchy in a
consistent way. Moreover, Hyper’s modu-

lar organization around a central
database allows us to easily introduce
new modules, such as transformations,
schedulers and schematic user inter-
face tools.

Although the current implementation
of Hyper covers the complete trajectory
from high-level description to layout, we
still need some extensions and improve-
ments to turn the system into a com-
plete environment. The most essential
enhancements are to integrate the sys-
tem with interface logic for input-output
and to incorporate consistent back-
ground memory management and opti-
mization. Research efforts in these areas
are under way.

The use of synthesis tools such as
Hyper allows the designer to play the
area-time trade-off game. Furthermore,
these tools shorten the design cycle dra-
matically. An experienced user can get a
high-quality design in a day, as our exe-
cution times demonstrate.

FSM 11— cs_i?
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(a) (b (c

Figure 9. Layouts of IR filters generated by Hyper and Lager IV: Implementation 1 (a) has an area of 13 mm? and took 20 cycles; Implemen-
tation 2 (b) has an area of 18.9 mm? and took 16 cycles; Implementation 4 (¢) has an area of 27.95 mm? and took 10 cycles.
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