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ABSTRACT

This paper presents a comparison of word length determination
procedures. It is realized using an automated testbed that
exploits a C/C++ fixed-point simulation utility to model the
impact of finite word length on overall accuracy. Word length
determination procedures find a combination of optimum bit
resolutions by computing dissimilarities between fixed-point and
floating-point simulation results. The comparison helps to select
a procedure that minimizes these dissimilarities and finds an
optimal combination of word lengths that meet user specified
objectives, in a minimum number of iterations and hardware cost.
This comparison was applied on various DSP algorithms.

1. INTRODUCTION

Digital signal processing (DSP) algorithms are often expressed in
floating point operations or in 32 or 64-bit fixed-point word
length for convenience, since these data formats match most
existing commercial off-the-shelf pocessors. Yet in spite of a
very significant growth of the performance of available
processors, the requirements of many real-time applications, in
terms of pure performance or low power operation, command the
use of specialized hardware. Since cost, powe dissipation of
hardware, and pure performance of the system are highly
dependent on the bit resolution and the use of floating-point
operators, optimizing word lengths is important. In some
complex design, 50% of the design time is spent on word length
determination {1]. Moreover, word lengths must be carefully
selected to preserve algorithm stability [2]. For these reasons, an
automatic word length determination method was recently
presented by the authors [3]. Our method leveraged a C/C++
fixed-point simulation utility [4] to model the impact of finite
word lengths on overall accuracy. The method finds a
combination of minimum word length by computing
dissimilarities between fixed-point and floating-point simulation
results.

The next section presents related work on word-length
determination methods. It is followed in Section 3 by a brief
description of a word length determination tool that we
implemented and used to compare the minimization procedures.
Section 4 briefly reviews nine automatic word length
optimization procedures applied on various DSP algorithms. The
methodology and results produced by our comparative study are
presented in Section 5, and our main conclusions are summarized
in Section 6.

2. RELATED WORK

In the last 10 years, several techniques have been proposed to
translate  floating-point  formulations into  fixed-point
formulations, especially for specific DSP applications [2,5]. In
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general, a first step in translating floating-point formulations into
fixed-point formulations requires evaluating the dynamic range or
Integer Word Length ¢WL) of each operand O, for i=0,...,I-1,
where / is the number of operands for which we want to determine
the bit resolution. Secondly, to reduce hardware requirements, data
truncation must be applied at various points. Indeed, many
operators naturally expand the Word length (WL) of the results.
Generally, a Fractional Word Length (FWL) must also be
determined, where

WLi=IWL; + FWL4+S,

with §;=0 for unsigned and S;=!/ for two’s complement
representation of O;

Three methods to determine the FWL were found in the literature.
The first method evaluates the FWL on the basis of a data flow
graph (DFG) analysis. FRIDGE[1] and CoCentric of Synopsys [6]
propagate through the DFG the rule that no information is lost.
They called this technique interpolation. This rule is best illustrated
by an example: for a = b + ¢, no information is lost if FWL(a) =
max(FWL(), FWL(c)). By contrast, Wadekar[7] and
Yasuura & al.[8] perform a numerical error analysis on the DFG of
the analysed algorithm. Determining the FWL using a DFG is fast,
but the method overestimates the FWL. Furthermore, the DFG
analysis requires a fixed-point specification of the input signals,
and become very complex to manage when the algorithm includes
data-dep endencies.

Cmar & al. [9] propose to determine the FWL; with a method that
is partly analytical and partly simulation based. The method
computes the mean u;(n) and the standard deviation ci(n) of the
dissimilarities between fixed-point and floating-point simulations.
Since the C description of the DSP algorithm needs major
modifications to apply this analytical/simulation based method, the
bit resolution analysis is performed cnly on one operand instead of
on combinations of operands.

Finally, the FWL can be determined by simulation-based methods.
Mechanical procedures were proposed by the authors [3]. Manual
procedures and guidelines to determine FWL using a simulation
based approach are also proposed by Sung& Kum[10],
Han & al.[11], Choi and Burleson[12], and Fiore and Lee [13].
These procedures are briefly reviewed and compared in this paper.
Our automatic word length determination tool [3] that implements
all these minimization procedures is briefly described in the next
section.

3. AN AUTOMATIC WORD LENGTH
DETERMINATION TOOL

The tool is built on a fixed-point simulation utility developed by
W. Sung & al. [4]. SystemC [14] could also be used. The utility
developed by W. Sung & al. converts a floating-point program
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written in C or C++ into a fixed-point equivalent description.
The WL, IWL, sign, overflow handling scheme, and quantization
mode of individual operands and constants can be assigned in the
floating-point program.

The fixed-point arithmetic operations, instead of floating-point
arithmetic, are conducted automatically due to the operator
overloading capability of the C++ language. Except for the name
of the main function, declaration of the operands belonging to a
fixed-point class type, and adding a fixed-point header file, no
other part of the original program is changed during the
conversion process.

The automatic word length determination tool executes six steps,
as shown in Figure 1.

1- Testbenchgeneration

Test benches representing the conditions of operation must be
generated. They must stimulate all operands O; i=0, 1,..., (F1),
in the DSP algorithm and data paths of interest.
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Figure 1. Automatic word length determination tool
2. tine-point si .
A floating-point simulation of the DSP algorithm is performed.
The minimum, o‘.min , maximum, opax. sign flag, S;, mean pi(n),

and standard deviation &) are extracted for each operand O,.
Also, results produced by the floating-point simulation for each
test bench generated in Step 1 are stored. These simulations are
considered as the reference model.
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In Step 3, IWL;, WL, and the operand type are determined from
the O, 0™ | 8, yy(n) and Gi(n) extracted in Step 2. Finally,

FWL of operand i, is initialized by the minimization procedure.

4 Fixed-noint simulati

In this step, a fixed-point simulation for each test bench is
performed. Results are stored.

5- Errors computation

Floating-point and fixed-point simulation results stored in Steps
2 and 4 above are used to compute various errors g fore=0,...,
E, where E is the number of error computations. The user
specifies the error computations as well as the number of error
computations. They are used to guide the search towards an
optimized solution.

6- Minimizati i

A minimization procedure tries to find the combination of word
lengths {WL;} that minimizes overall cost while meeting the
specifications of the application. Based on the error
computations & of step 6, and respectively the user
specifications, S,, a metric Cis computed. The proposed metric
measurement is defined as follow:

=1
(ogtc | o

e=0

with the hardware cost H defined as:
=Sy,
i=0

where WL, is the word length of the i th operand and %, is the
corresponding hardware cost per bit defined in the range [0,1]. Each
Y is fixed by the user. Depending on the metric value, the

minimization procedure modifies the most promising L;, looking
for a global optimum solution.

4. MINIMIZATION PROCEDURES
In this work, nine minimization procedures are compared:

(1) A Min +b bit procedure, proceeds in three execution phases.
The first phase finds, for each operand O, i=0, I,..., (N-1), the
minimum bit resolution that satisfies the specifications when all
other operands O;, j=0, I,..., (N-1), j#i, have an arbitrarily long
word length (or floating-point format). The second phase sets the
resolution of each operand to the value found in the first phase.
This combination of WL; is called in this paper the Minimum Word
Length (MWL) combination. The third phase is an iterative
competition between the operands to gain b bits. In the basic form
of the procedure &=1. In general, all combinations of b bits are
simultaneously but temporarily distributed over all operands. The
bit assignment combination that reduces and minimizes the error is
retained. The value of b is gradually increased to =2, 3, ... bits as
required. Once a successful step is taken, and as long as the error
specifications are not met, b is reset to one bit and this last phase is
repeated. This procedure, restricted to the case where b=1I, was
called a Sequential Search in [11]. The procedure may get trapped
in local minima when the resolution is increased by only one bit at a
time. Thus, only the Min + b bit procedure is retained.

(2) A Max - 1bit procedure starts with the maximum bit
resolution allowed by the fixed-point simulation tool for all
operands, which is 32 bits in our case. Then the operands compete
to loose some of their bits as follows. One bit is temporarily
removed from each operand O, i=0, I,..., (N-1), while all other
operands O;, j=0, I...., (N-1), j#, remain unchanged. The operand
O, for which the error is minimized wins the right to loose a bit.
The process is repeated for another bit, as long as the error
specifications are not met.

(3) An Evolutive procedure starts with all operands having
floating-point precision. The bit resolution of a first operand, say
0;, is set to 0, and is gradually increased until the system meets the
specifications of the application. The value of WL, is then fixed
with one more bit, while a second operand is analyzed in the same
way. The user determines the order in which the operands are
processed. This step is repeated until all WL;are fixed. Finally, the
operands compete to loose a bit as with the Max — 1 bit procedure,
as long as the system specifications are not met.
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(4) An Hybrid procedure combines the Min + bbit procedure
followed by the Max — 1 bit procedure.

(5) The Heuristic procedure proposed in {10], increases all WL;
by one bit from the MWL until the error specifications of the

system are met. At that point, as in the Max - I bit procedure,
the operands compete to loose their bits as follows. The operand
O;that produces the largest cost reduction wins the right to loose
a bit. The process is repeated for another bit, as long as the error
specifications are not met.

(6) The Exhaustive procedure, also proposed in [10], starts an
exhaustive search from the MWL. The exhaustive search
temporarily distributes b bits over all operands. For all cases, if
the system specifications are not met, b is increased to =2, 3, ...
bits, until one assignment combination met the system
specifications.

(7) A procedure called in this paper Simulated Annealing is
proposed in [13]. Each O; starts with a certain word length such
that the overall solution meets the system specifications. Some
WL; are increased in order to allow reducing other WL, j#i, which
reduces the total system hardware cost. The user determines how
many times this step is repeated.

(8) The Preplanned procedure proposed in {11] proceeds in
four execution phases. The first phase computes the system
performance for each operand O, i=0, 1,..., (N-1), when WL, is
set sequentially to every bit resolution, WL;=0, 1, .., WLMAX,
and when all other operands O; j=0, I,..., (N-1), j#, have an
arbitrarily long word length (or floatingpoint format). During
this first phase, WL™*-1 a sensitivity parameter, &, is computed
for each operand O;, where:

Ei=fWL+1)-fWL)

and f{ ) is an objective function. The second phase constructs a
global priority list in decreasing order of sensitivity. The third
phase computes and sets all the O; to the MWL bit resolution.
The last phase is an iterative competition. The width of the
operand O; with the largest sensitivity is increased by one bit. As
long as the error specifications of the system are not met, this
iterative competition is repeated.

(®) The Branch and Bound procedure proposed in [12]
proceeds in 3 execution phases. The first phase finds a minimum
uniform-word length combination, called the upper bound
solution. The second phase computes the MWL combination.
The third phase explores the sarch space between the upper
bound and the MWL combination and keeps the best solution
found.

5. RESULTS

In order to compare these nine optimization procedures, the
word lengths were determined for 12 DSP algorithms. The set of
considered algorithms includes elementary operations, FIR filters,
IIR filter, an adaptive filter, the CORDIC algorithm, the IDCT
algorithm, a frequency estimation algorithm and a Neural
Network algorithm. Since the operands word lengths determine
the hardware architecture of the DSP algorithm implementation,
the considered operands are carefully selected. For example, in

the FIR filters, the word lengths of both coefficients and data-paths
are analyzed.

Some manual procedures were modified and adapted for the
framework of our tool. In the Simulated Annealing procedure, the
Os must start with values that already meet the system
specifications. The Min + bprocedure was selected to find this
initial starting point. For the Preplanned procedure, only the
required system performances, and then the sensitivity
performances are computed instead of computing all system
performances. The upper bound solution of the Branch and Bound
procedure is computed using a binary search algorithm to reduce
the number of iterations. Finally for the Simulated Annealing
procedure, the best solution found in /0x/ annealing phases, is kept
as the final solution (recall that I is the number of considered
operands).

Word lengths are found for these 12 DSP algorithms, TB1 to TB12,
for K=100 different system specifications, using each minimization
procedure. Results are reported in Table 1. For each procedure, two
results are reported. The first result, AWLi , compares each WL;to
the combination that constitutes the best-obtained result (assuming
all %= 1), which is called WL” ! The reported results are
normalized by averaging the observed differences over all operands.
This is obtained by summing differences for each operand and
dividing by the number of operands, where 7, is the number of
operands considered with test bench TBn. AWLi is computed as

follows:
- 1 LU ,"_1 opt
AWL=| —. 3 = 3 Wiy -wi
100 1
k=1"" =0

The second result, AN, also reported in table 1, compares the
number of iterations to obtain a solution, N, with the procedure

that obtains a solution with the fewest iterations N (generally, it
does not correspond to the procedure producing ngp ! ).

As AW , the average AN is obtained by summing differences over
all iterations and dividing by the number of operands /,. We focus
on the number of iterations, since the processing time for each
iteration is dominated by the time required to characterize the
performance of a configuration with a simulation of enough relevant

test cases. AN is computed as follows:

v — Ig) N, - NOP
If a procedure produces AWL; =0 and AN =0 over some domain,
then it dominates all other procedures. For TB1 and TB2, all
procedures obtained the optimal word lengths. However, no
procedure produced the optimal word length for TB1 to TB12.
Note that a difference that may appear small in the AWL results,
for example 1.65 for the Min + bprocedure applied on TB11, can
produce a maximum difference as large as 38 bits in total operand
widths, when comparing a solution to the optimal solution for a
specific system specification. Since the processing time is
dominated by the number of iterations required to find a solution, a
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Table 1, Results of the comparative study
Simulated Branch and
in + b bit — 1 bi Evolutive Hybrid Exhaustive Heuristic . Preplanned
;;scth L Min |fl -Iidax l—bxt _ i _ y! i ! a s— _ - _Annzaling ! ep ; _ qu!_
BWL| AN [[AWL | AN |B#L | AN |AWL | AN |AWL | AN §AWL | AN JAWL | AN |3wL | AN RAWL| AN
TB1 {| 3 1000] 22 #000]70680004 1.3 1000) 32 8000 3.2 1000] 02 80001202 F000]| 19 $0001} 2.1
TB2 | 3 10.00] 00 #0.00]725 #0001 40 §1000] 1.0 #0.00] 1.0 10.00] 0.0 §0.00]20.0J0.00] 00 10.00] 2.7
IB3 H 51061122 1072156000721 05 o611 32 ool 3.2 110001 1.0 Bo611522H0611 1.7 072120
TB4 ||l 7 1019102 068372 40.11] 34 J004] 1.6 §041] 2.1 10.04] 1.6 §0.19 {982 §0.23| 0.2 J0.34] 52.1
IBS . 510481 20 H0671635380541 07 10481 30 #0481 3.6 000} 07 3048 152000561 1.7 #0541 5.2
TB6 || 4 10.39)] 0.0 00079758000 5.0 1000] 2.3 §0.00] 2.3 1039 0.0 §0.39140.00.34) 0.0 f0.00] 3.6
TB7 | 6 1063 ] 0.6 || 0.07}1340§0.07] 82 1004 5.1 H0.76} 7.5 10.07{ 0.2 §042 [60.7 090]) 0.2 J|0.20] 2.4
IB8 § 4 10121 02 006184080051 45 000 1.6 H031}t 25 Hoo3 |23 H006]988 010181 02 Ho.18] 4.8
TB9 1151 040] 00 000105901000 5.5 10.00] 2.6 §0.00] 0.0 040 | 2.6 §0.40 |450.0}10.38] 0.0 J1 0.18 [40.25
TBIOJ| 3 | 101104 HOS52}75.61025) 55 H022) 37 101141 10221 22 8098 1184 [11.30] 0.1 0831 42
TB11f136] 1.65] 1.5 10.45)172.900.18112.410.21{12.581.75{15.5]/0.18 ] 2.5 1.53 12593 1 3.07 1 1.2 1.99 R964.9
TB12) 3 1002] 02 10421673 4004] 23 §0011 1.3 #011) 07 110231172 §002]1821005}00 [1003] 7.6

small difference on AN is not very significant when a small
number of operands are processed.

However, in some applications, up to 1000 operands are
processed [1], a difference of AN =15.5 reflects to 15.5 x 1000 x
0.75s = 3.23 additional hours of processing time (750ms were
required to performed one fixed-point simulation of relevant test
cases).

The Hybrid procedure always reaches a solution equivalent or
better than the Min + b bit procedure, which is reflected by
solutions with lower hardware costs. This observation leads to
two situations: (1) An optimal solution can be reached with less
hardware cost than the MWL combination. This first
counterintuitive result was observed several times and will be
investigated in the future. (2) Finding a solution with the Min + b
procedure does not ensure that all operands have their minimum
word length. Therefore, for both situations, the Hybrid procedure
takes advantage of using the Max— I bit procedure. Thus, the
Hybrid procedure takes more iterations than the Min + b.

Procedures such as Max — I bit and Evolutive start from a
solution that already meets the system error specifications, and
then try to find a better solution. This type of method can be
trapped in a local optimum instead a global optimum, The
Heuristic procedure produced optimal solutions with a relative
small number of iterations. The Simulated Annealing procedure
always produced the same solutions as the Min + b procedure,
and therefore it does not bring any advantage for our test
benches.

The Preplanned procedure is the one that required the smallest
number of iterations to find a solution. However, the solutions it
produces are not always optimum in terms of hardware cost.
Moreover, the Preplanned procedure, as the Min + b and the
Branch and Bound procedures, does not consider solutions that
require less hardware than the MWL combination that were found
feasible in some cases. The Branch and Bound, Exhaustive and
Max - 1bit procedures take the largest number of iterations to find
a solution. They may become prohibitive when a problem with a
large number of operands is analyzed.

6. CONCLUSION

A first synthesis and comparison of 9 procedures, given in the
literature to optimize word lengths of DSP algorithms using a

simulation based approach, was presented. Based on the 12
analyzed DSP algorithms, from the standpoints of the number of
iterations and resulting implementation costs, fast searches often
find optimum word length combinations. The comparative study
demonstrated that procedures must consider global solutions
instead of local solutions. It was also found that optimal solutions
could use less hardware than the MWL combination. Furthermore, a
procedure that independently increases by one bit the word length
of each operand may fail to reach optimal solutions.
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