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ABSTRACT

In this paper we give a model for predicting the shape of cost-speed tradeoff
curves for pipelined designs. The model includes prediction of the number of operators,
registers and mu[tiplexers from a behavioral specification. It has been verified with the
designs generated by an automated pipeline synthesis program, Sehwa. This model was
developed as a part of the ADAM Advanced Design Automation System of the Universi-

ty of Southern California.
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1. INTRODUCTION

Synthesizing datapaths automatically is computationally expensive for production
designs. Many trial synthesis passes or computations are made to experiment with
different sets of modules and varying degrees of concurrency and resource sharing. For
example, Sehwa [3], a part of the USC ADAM system, a pipeline datapath synthesis
program, is a good example of such software. The input to Sehwa is a dataflow graph,
and a set of module types which can be used to implement the operations of the
dataflow graph. Sehwa gives as an output the number of each type of operator required
and the scheduling of the dataflow graph. Sehwa also takes into consideration condition-
al branching within the dataflow graph and resynchronization due to resource conflicts
and data dependencies. The scheduling is a static scheduling which takes into account
all possible combinations of conditional branches which can occur. First, Sehwa pro-
duces the fastest and the cheapest designs to fix the design boundary. Sehwa then re-
quests the user for a speed or cost constraint and generates several solutions meeting the
constraint. The user.then changes the constraints and iterates. Finally, the user can per-
form exhaustive search in a small part of the design space to tune the design. Once a
design is selected, redesigning may occur with a different module set. Fig. 1 shows a

cost-delay tradeoff curve produced by Sehwa.

If one could predict approximately where designs would occur in the design space,
the search for a satisfactory design could be narrowed considerably. At the University
of Southern California, we have developed a technique for predicting an approximate
cost/speed tradeoff curve for pipelined datapaths, from a specification of the desired

functional behavior.
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Fig.1 Sample Area-Delay Curve as Produced by Sehwa




The prediction technique presented here is part of the ADAM Advanced Design
AutoMation [4] system being constructed at USC, and works in conjunction with Sehwa.
However, the technique is general and can be applied to any pipeline synthesis system

which produces near-optimal results.

In the next section we give the problem description and the solution approach.
Section 3 discusses the lower bound estimates for area and time. Section 4 contains the
list of experiments which were conducted using the estimation techniques and Sehwa.

The last section concludes with experimental results and observations.

2. PROBLEM DESCRIPTION AND APPROACH

Datapath synthesis programs usually input a dataflow graph which specifies the
required behavior of the hardware to be synthesized, and a set of possible module types
which will implement the operations. Given this input, we are able to predict an area-
time curve in the design space which forms a lower bound, for all possible designs; all
the design points lie either on the curve, or above it. The design points lying on this
curve represent optimal designs. In this paper optimality will be defined with respect to
resource utilization. A resource —optimal design is one in which all the operators per-
form useful computations every clock cycle. Of course, in practical pipeline designs, it is

often not possible to utilize all the operators in every cycle, yielding suboptimal designs.

Our prediction technique works as follows. We estimate the cost-speed tradeoff
curve to have the shape AT =k where k£ is a constant. This curve is a lower bound es-
timate on the cost-speed curve of the resultant design. An estimate of register and mul-

tiplexer costs is added to this curve.



The theoretical results obtained from these lower bound estimates have been
verified through designs generated by Sehwa. (Sehwa guarantees near-optimal designs
and hence such a comparison is possible.) We are not aware of any other pipeline syn-

thesis package and, as such, further comparison to actual design software is not possible.

3. THEORETICAL FOUNDATION

In Section 3.1, we present techniques for operator cost estimates, and estimation
of the (AT )y, curve. Then we describe two techniques for register cost estimation in

Section 3.2 and a technique for multiplexer estimation in Section 3.3.

Nomenclature and Assumptions : Before we describe our technique in detail,
we present some nomenclature and assumptions. In our discussion we call a logical
operation which appears in the dataflow grap"h an operation and the implementation in
the resultant design an operator. We are given a dataflow graph with m different
operation types. For 0<: <m -1, let opt; be the number of operators of type ¢ used for
implementation, opn; the number of operations of type ¢ in the dataflow graph, delay;

the delay of operator ¢, and area; the area of operator type ¢ respectively. Also, let the
m -1 %

total area A = Y opt; X area;. Clock_cycle is the clock rate. The clocking is restricted
=0

in that if an operator starts execution in a particular clock_cycle , then it must ter-

minate in the same clock_cycle as well. This imposes the condition

clock_cycle >mazimum (delay; ) where maximum is taken over all the operators chosen

for implementation. Latency is the number of clock cycles between two successive data

inputs, and the nitiation delay T =latency X clock_cycle .



A particular type of operation, for example add, may be implemented with
several types of modules, e.g., carry-look-ahead adder, ripple-carry adder. An assump-
tion in our work is that all the operations of a particular type are implemented with
only one type of module. For example, if there were 5 add nodes in the dataflow graph,
all the add operations would be performed on ripple-carry type adder(s). Furthermore,
for the sake of estimating lower bounds, we assume a zero resynchronization rate for
the pipeline. This means we assume no data dependency or resource conflicts. It does
not affect our results as resynchronization serves only to increase the delay for the

same design area and such designs lie above our predicted lower bounds.

We also assume clock_cycle = mazimum (delay; ). This assumption is valid for
our lower bound estimate studies, and will be explained at the end of Section 3.1. We
are able to use the simple estimation technique mentioned above because the theory of
pipeline synthesis predicts such curves. We now present the theoretical foundation of

our technique.

3.1 Operator and AT Curve Estimation

We shall first compute the effective number of operations of a given type c_opn;
in a dataflow graph. Consider a dataflow graph with one conditional branch and one
type of operation foo. The YES path from the IF~-CONDITION node has 10 foo
nodes and the NO path has 5 foo nodes. Also, the remaining (with no conditional
branches) dataflow graph has 3 foo nodes. Then, the maximum number of foo nodes
which can be executed for any set of inputs is 3+mazimum (5,10)=3+10=13. Thus our
c_opny,, =13 for this dataflow graph. We can generalize this counting mechanism over

a dataflow graph with many conditional branches and operations.
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For a dataflow graph with no conditional branching, let c_opn;, the effective
number of operations of a given type, be the same as opn;. For a dataflow graph with
conditional branching, we compute c¢_opn,;in the following manner. For the graph por-
tion for which there is no conditional branching, c¢_opn; will be calculated in the same
way as opn,; . For the conditional branches we take the longest path emanating from the
distribute node and find the number of operations in that path. Then we take the other
paths and add to each c_opn; the number by which the operation count in the shorter
path exceeds the count in the previously traversed paths. For example, in Fig. 2
C_O0PNsyptract =1, C_0PNggg =5 and c_opnyyip, =3. We use c_opn; to define the utiliza-

tion of each operator. A utilization of 1 is optimal.

Definition 1: The utilization of each operator 0<: <m is defined as

c_opn;

utilization; = T
: 1

Using this definition, we base our estimation technique on the following theorem.

Theorem 1: Given a specific dataflow graph, for resource-optimal pipeline design

(utilization; =1), (AT )y,=constant , where (AT )., is the lower bound of all possible

min min

ATs for that graph.

c_opn;

Proof: We know that, for any operator, latency >——— [3]. For the particular case

opt;
where the operator ¢ is utilized every clock cycle, which is the best case,
latency X opt; =c_opn,
and therefore,

latency X area; X opt; =area; X c_opn;

Summing this over m operations and multiplying by the clock_cycle ,



m-1 m-1
clock_cycle Xlatency Y (area; Xopt; )j=clock_cycle ¥, (area; X c_opn; )
=0 =0

m-1
A X T =clock_cycle Y (area; X c_opn; )

1 =0
For a given dataflow graph and a set of possible module types, the right hand side is a

constant, and hence

(AT )pip=constant . O

min

procedure estimate_lower_bound (latency)

begin
) c_opn;
for 0<¢ <m calculate opt; = | ——— |;
latency
for 0<17 <m calculate A =A +opt; X areq,;
clock_cycle =mazimum (delay; );
T =clock_cycle X latency ;
print A X T ;
end;

Algorithm 1. Procedure to Estimate (A7 ),

The above theorem predicts a curve (AT ), ,=constant for optimal designs. This
means that for every possible latency and for all operators, utilization; =1. For many
dataflow graphs, utilization; =1, and hence (AT ),;,=constant , is not possible for every
latency and every operator. In this case, although a lower bound curve (AT ), does ex-
ist, it is not equal to a constant due to the ceiling function computing opt;. Our estima-
tion technique, Algorithm 1 calculates the (AT ), curve. In case the design is optimal

it calculates the (AT ),;, curve, otherwise it calculates the lower bound (AT ), curve.

min
m-1 . .

If d=Y] opn;, the above procedure is called d times with latency varying from 1 to d
1 =0



to get the lower bound curve.

We shall now justify the assumption that clock_cycle =mazimum (delay; ), where
maximum is taken over all types of operators. We make two observations for our
justification. For a given latency we can compute the minimum number of operators of
each type required for the implementation of the dataflow graph as

c_opn; . . ”
opt; = {———’— . Also, the area of implementation, A , which depends on the number

latency

m-1

of operators, can be computed as A = ¥ (area; X opt; ). We observe that making laten-
1.=0

cy a constant, also fixes the minimum required number of each type of operator. Thus

for a fixed latency, the minimum area A of the design becomes a constant.

Consider two pipeline designs of the same dataflow graph with the same latency,
and hence same area, but different clock cycles. Then the design with lower clock cycle
will have a lower AT (as the latency and area of the two designs is the same). Under
the above assumptions, the minimum value clock_cycle can take is mazimum (delay; ).

Hence our choice of clock_cycle = mazimum (delay, ).

Note that a design with the above computed minimum (AT )y, or (AT ), may
not exist. In fact, the best possible actual design might not be one with a minimum
clock cycle. However, there can be no design which will have an AT curve lower than

the one computed by Algorithm 1 under the above assumptions.

3.2 Register Estimation

We shall now discuss the effect of register cost and delay on the curve. It is as-

sumed that each operation is diadic and produces exactly one output. We shall later



show how this restriction can be relaxed. In our discussion we first estimate the number
of internal registers which will be required for implementation. The number of registers
(internal and external) can be estimated as mazimum( number of external registers,
number of internal registers). The external registers are those required at the input or
the output of the dataflow graph. We state that a value is consumed if it is not re-

quired in any subsequent clock cycles.

Theorem 2: The minimum number of internal registers required for a pipeline imple-
mentation of a dataflow graph is

m-1
3 c_opn;
1 =0

latency
Proof : Any pipeline implementation of a dataflow graph will require registers to store
the output of an operator, which will be used in a future clock cycle. It may be used in
the immediately next clock cycle, or several clock cycles later. The best case for our
analysis of lower bound is the former case, i.e. where a value is produced in one clock

cycle and it is consumed in the immediately next one, thus freeing the register to be
m—1

used again. ) c_opn; gives the total number of operations which will be executed in
1 =0

the dataflow graph for any one set of input data. In the best case, an average

m-1
Y ¢_opn;

i =0

o number of operations will be performed every clock cycle, and hence this
atency

number of registers will be required. O

If an operation is not diadic and produces more than one output, we simply add

each additional output to the summation in the above expression.

10
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An example of a dataflow graph with its implementation and scheduling per-
formed by Sehwa is given in Fig. 3. In this case the estimated number of registers and

the number required by the implementation is the same.

If one considers the registers required at the input and the output of the dataflow
graph, then it is not possible to make a deterministic analysis of the total number of re-
gisters required, given only the dataflow graph. This is because the consumption of an
input value and the generation of an output value depend on the scheduling of the
dataflow graph. A better deterministic minimum estimate of the number of registers re-
quired for implementation can be computed. This estimate requires the pipeline schedule
of the dataflow graph as well as the latency. Assume that the dataflow graph is pipe-

lined into n stages.

Definition 2: Given a data flow graph and a pipeline schedule, cut; is defined to be the

number of edges cut by the 1% stageline.

Definition 3: The number of cuts for each clock cycle 5, 0<j <latency -1, in a
scheduled graph, total; , is calculated as follows :
for 7 =0 step 1 until latency -1 do
for 1 =7 step latency until n -1 do

total; =cut; +total; .

Theorem 3: The minimum number of registers required for a given schedule and laten-

cy is given by mazimum (total; ), where maximum is over 0< 7 <latency .

Proof : For every clock cycle 0<j <latency, total; gives the number of edges crossing
a time step. This gives the number of registers required in that clock cycle. As the regis-
ters can be shared between any two clock cycles, the minimum number of registers re-

quired, assuming all registers can be shared, will be for the clock cycle with

11



mazimum (total; ). OJ

The above theorem gives an estimate of the number of registers required for a given la-

tency. Thus, to get register estimates over all possible latencies, the above computation

m -1
is performed with latency varying from 1 to )] opn;. A new schedule of the dataflow
=0

graph has to be supplied each time the latency is varied.

To evaluate the effect of registers on the lower bound curve, the clock_cycle will
now be the sum of
1. the time required to read a register, D, ,
2. the time required to latch the result in the register, D, , and
3. the mazimum (delay; ).
Thus
overall_clock_cycle =mazimum (delay; )+D;, + Dy,

Also,

m-1
A =Y (areq; .opt;) + number_of _registers X area,,psi,,
1 =0

3.3 Multiplexer Estimation
We now estimate the number of multiplexers required.

Let R be the (actual or estimated) number of registers used in a design. Let
m-1
inp; be the number of input terminals of opt;. Also, O =] (inp; X opt; ), i.e. the
i =0
design has O terminals to which the registers are connected. For example, a design hav-
ing 5 adders and each adder having two input terminals, the total number of terminals

0 =2%5=10. Assume that all the registers will be connected to the terminals through



multiplexers alone (i.e. no bus interconnect). Furthermore, if we restrict the usage of
multiplexers to only one type (i.e. d-to-1 type multiplexers)”, then we can calculate a
lower bound on the number of multiplexers required for the design, as in the theorem

below.

Theorem 4 : To interface R registers to O terminals via d-to-1 multiplexers, at least

M multiplexers will be required, where

R-0
d-1

M=

Proof : We shall prove this equation for a fixed number of terminals O, by induction.

Assume multiplexers and registers are uniformly distributed.

Basis : For R =0, the above equation evaluates to M =0; i.e. no multiplexers are re-
quired. In this case each register can be connected to a terminal directly and no multi-

plexing is needed.

Hypothesis : Let the above equation be correct for R =n and the number of multi-

plexers computed be M =z . Note that z (d-1)>(n-0).

Induction : Let R =n+1, and the number of multiplexers computed be M =y. We

have two subcases here.

Subcase 1: z=y. This is the case where z(d-1) is strictly greater than (n-0 ). Hence,
we can add a register (increase n by 1) without having to increase z. We observe that
this case arises when there is at least one multiplexer with at least one of its d inputs

unconnected, and the the additional register can be connected to this input (Fig. 4a).

Subcase 2: z+1=y. In this case z(d-1)=(n-0), and all the multiplexers have all

Ed % T
This restriction can be relaxed, as shown later.

13
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their d inputs connected. Thus, to connect another register to the design (increasing n
by 1), we have to increase the number of multiplexers by 1. Following Fig. 4b we shall
observe the effect of connecting this new multiplexer. To connect the new multiplexer,
an already connected register will have to be removed from the design, the new multi-
plexer connected in place of the removed register, and this removed register added to
the input of the new multiplexer. We now have d -1 additional inputs to which d-1 ad-
ditional registers can be connected. Hence, for every new multiplexer which is added to
the design d -1 additional registers can be connected without increasing the number of
multiplexers. This d -1 also gives the divisor in the equation. The new register can now

be connected to an input of the new multiplexer. [J

The restriction on using d-to-1 multiplexers can be relaxed in that any d-to-1
multiplexer can be replaced at the same level in the tree by a d' -to-1 multiplexer such
that the replacement does not increase the number of multiplexers. For example, if in a
design we have to connect 6 registers to 2 terminals using 4—to -1 multiplexer, then we
can replace these by either two 3-to-1 multiplexers (if they exist) or by one 4-to-1 multi-

plexer and one 2-to-1 multiplexer.

Thus if D,,, is the delay through a d—to -1 multiplexer, then the effect of the

multiplexers is calculated as

overall_clock_cycle =mazimum (delay; }+D, +Dys +D,yq [logd Ml
Also,

m -1
A=Y (area; Xopt;) + number_of _registers X area,,q;sp., +M X areay 4, i
1 =0

14



4. EXPERIMENTS

Several experiments using Sehwa [3] were conducted. Of these, the three exam-
ples described herein are : (i) an AR lattice filter systolic array element [1] which was
converted to a data flow graph and expanded for complex operations (Fig. 5); (ii) 2 ran-
dom data flow graph generated using a random number generator, (Fig. 6), and (iii) a
data flow graph with conditional branching, [see Fig. 5.1 of Ref. 3]. Three sets of
modules with different area-delay parameters were used for each dataflow graph. These
area-delay characteristics were obtained from PLEST (2] and are given in Table 1. In
this paper we only present the results obtained from one set of modules. The results

from the remaining two sets of modules were consistent with the results reported here.

Figs. 7 to 9 show the area-delay tradeoffs for the above three examples and Figs.
10 to 12 show the same results drawn on a log scale. Each graph has four curves

corresponding to the following four cases :
1. (AT )pin=constant .
2. The (AT); curve obtained from procedure estimate_lower_bound.
3. The design curve produced by Sehwa, neglecting the cost and delay of registers.

4. The estimated cost of registers, as computed in Theorem 3, is added to (A7), .

5. RESULTS AND FUTURE RESEARCH

The curves show that (AT ), is a good lower-bound approximation for pipelined
design. For the AR lattice filter, several optimal design points have been achieved by

Sehwa, as can be seen in Fig. 10. This approximation allows us to narrow our search of

15



the design space when synthesizing pipelines. The nonlinearity in the curve drawn on
the log scale reflects the non-optimal use of the operators. In the case of non-optimal
designs also, the (AT);, produced by procedure estimate_lower_bound is a good ap-
proximation. This can be seen in the curves for the random dataflow graph (Figs. 8 and

11) and the graph with conditional branches (Figs. 9 and 12).

From the above graphs certain observations can be made. Consider only one

) c_opn;
operator type. We know that the minimum value of o-pt,-=’r[—5-—'} . (For
atency

e - . c_opny . : ;
utilization; =1, the ratio —t—' has to be an integer.) Thus if we increase latency, we
atency

decrease opt; proportionally. However in many general cases we have a pipeline consist-
ing of one or two very expensive (in terms of area and delay) operators with very low
usage as against several cheap ones with high usage, resulting in non-optimal designs.
The design, in this case, will not be optimal if latency is greater than the number of
these operations (as c_opn; <latency and utilization <1). If the latency is increased
beyond c¢_opn;, the expensive operator will remain idle for (latency - c_opn; )
clock_cycles. In the curves for a random dataflow graph (Figs. 8 and 11), one can ob-
serve the effects of having 2 expensive operations (multiply) as against 26 cheap opera-
tions (add and subtract). Thus selecting module sets such that the non-optimality is
minimized is a major problem. An approach to reducing the imbalance in the operators
cost/delay may be achieved by the decomposition of the expensive node to smaller,

cheaper nodes in the dataflow graph.

The example having conditional branches shows that the theoretical curve is
non-linear and for this type of dataflow graph also, the above procedure is a very good

approximation of the results produced by Sehwa.

16
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Comparing the estimated (AT ), curve with the estimated (A7), and estimated
register curve in Fig. 10 it is seen that the register cost becomes more significant as the
area is reduced. Thus even though the operators can be optimized, the dataflow graph
is so partitioned that it leads to a non-optimal number of registers. It would be interest-
ing to see if a partitioning of the graph which optimizes the use of both registers and

operators could be arrived at.
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Function Type Area (10T mils) | Delay (nS)
[Fast 1200 340
Adder Mediun 2880 530
Slow 1200 1510
Fast 4200 340
Subtracter Mediu 2880 530
Slow 1200 1510
[Fast 49000 375
Multiplier Medium 9800 29050
Slow 7100 7370
Register (per bit) 15.62 5, 10

Table 1. Module Set Parameters
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