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Short Papers
AMetric for Automatic Word-Length Determination

of Hardware Datapaths

M.-A. Cantin, Y. Savaria, D. Prodanos, and P. Lavoie

Abstract—A metric for the automatic determination of word lengths
required for implementing DSP algorithms is proposed. The metric is
capable of handling several error models computed between the fixed-
point and the floating-point simulation results to model the impact of
finite word lengths on the overall accuracy. It grades all the word-length
combinations and guides a procedure towards the optimal solution.
This metric was implemented in an automatic word-length determi-
nation tool to guide its search for better hardware implementations.
It enables the creation of a framework for architecture and platform
exploration.

Index Terms—Automatic determination, floating-point to fixed-point
conversion, metric, optimization, word length.

I. INTRODUCTION

The DSP algorithms are often expressed in 32- or 64-bit fixed-
or floating-point data formats, since these are available in most
commercial off-the-shelf processors. Yet, in spite of very significant
improvements in the processor performance and the power efficiency,
the requirements of many real-time applications in terms of pure
performance or low power operation commands the use of specialized
hardware. Since the cost, power dissipation, and performance are
highly dependent on the number of bits used to represent data and
the use of floating-point operators, the problem of precise word-length
determination is important. In some complex designs, half of the
design time can be spent determining the word lengths [1]. Moreover,
many algorithms require a careful selection of the word lengths to
preserve their stability [2]. Therefore, powerful automatic word-length
determination methods are required [3]. This paper is arranged as
follows. Previous studies on word-length determination are reviewed
in Section II. A metric that simplifies the automatic determination
of word lengths is presented and described in Section III. Finally,
conclusions are given in Section IV.

II. RELATED WORK

In the last ten years, several techniques have been proposed to
translate floating-point formulations into fixed-point formulations,
especially for specific DSP applications [2], [4], [5]. Heuristic tech-
niques and analytical methods dedicated to specific applications have
been employed. For general DSP applications, the translation of the
floating-point formulations into fixed-point formulations consists of
evaluating the dynamic range and the minimum accuracy of each
operand Oi, by determining its integer word length (IWLi) and
its fractional word length (FWLi), where i = 0, 1, . . . , (I − 1), and
where I is the number of operands to be translated. The resultant word
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length (WLi) of each translated fixed-point operand Oi may then be
obtained as follows:

WLi = IWLi + FWLi + si (1)

where si = 0 if the operand Oi is always positive; otherwise si = 1.
In (1), the IWL and FWL can either be positive or negative. For
example, a four-bit binary data 1010 with si = 0 and IWLi = −2
should be interpreted as 0.001010, which corresponds to a real value of
0.15625. The same four-bit binary data with si = 0 and FWLi = −2
will be interpreted this time as 101000, which corresponds to a real
value of 40. To ensure that the WL is greater than, or equal to, zero,
the sum of IWL and FWL must be greater than, or equal to, zero;
IWL + FWL ≥ 0.

Three known methods can estimate the required IWL. The first
method computes the IWLi of each operand Oi as

IWLi = �log2 (|Oi|max)� (2)

where �·� is the “ceiling” function and |Oi|max is the maximum ab-
solute value of the operand Oi extracted during simulations of the DSP
algorithm [6], [7]. The second method computes each IWLi like the
first method, except that maximum and minimum values of the operand
Oi are replaced by the values of Oi obtained by the propagation of the
maximum and minimum input values through a data flow graph (DFG)
of the DSP algorithm [8]. The third method, introduced by Sung et al.
[9], extracts the mean µi and standard deviation σi of the operand
Oi during a simulation of the DSP algorithm and then computes the
IWLi as

IWLi = �log2 (max (|µi| + k × σi, |Oi|max))� (3)

where k is set equal to four in [9].
The first method does not guarantee that an overflow will not occur

in the data path. On the other hand, the second method is very fast,
but it is also known to be a conservative approach that tends to
overestimate IWLi [10], even though it can also underestimate it if
the partial results cancel out. Finally, the third method reduces the
probability of an overflow in the data path when k is set to a high value.

Once the IWL is evaluated, the FWL can be determined by three
basic methods found in the literature. The first method evaluates
the FWL by DFG analysis. Fixed-point pRogrammIng DesiGn
Environment (FRIDGE) [1] and CoCentric [11] propagate the
FWLs through the DFG, while ensuring that no information is
lost. This technique is called interpolation, and may be illustrated
by a simple example: for a = b + c, no information is lost if
FWL(a) = max(FWL(b), FWL(c)). Alternately, in [7] and [8], the
proposed methods are based on numerical analysis of the DFG. As
with the IWL, determining the FWL using a DFG is fast, but it is a
conservative approach that overestimates the FWL [10]. Futhermore,
it requires a fixed-point specification of the input signals and becomes
complex to manage when the algorithm contains data dependencies.

The method proposed in [10] combines the analytical rules and
the simulations. It determines FWLi by measuring the mean µi

and the standard deviation σi of the dissimilarities between the
fixed-point and the floating-point simulations. To apply this method, a
C-language description of the algorithm requires major modifications.
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Furthermore, the bit-resolution analysis is performed on only one
operand at a time, instead of on combinations of operands.

Finally, the FWL can be determined by pure simulation. This
method computes the dissimilarities between the floating- and fixed-
point simulation results, and based on them, a procedure searches
for a combination of word lengths that meets some accuracy criteria
specified by the user. Compared to the DFG method, fixed-point
specifications of the input signals are not required. The simulation-
based method can analyze the DSP algorithms that contain data
dependencies, since the procedure modifies the appropriate word
lengths until the fixed-point simulations are sufficiently similar to
the floating-point simulations. Finally, the simulation-based approach
does not overestimate word lengths like the DFG approach does [10],
since the word lengths are determined on test benches representative
of the conditions of operation of the system. In the past, for most
applications, this method was prohibitively time consuming. However,
with the recent improvements in the performance of the available
processors, it can now be used for small and medium complexity
DSP algorithms. Using this class of methods, Sung and Kum [12],
Han et al. [13], Choi and Burleson [14], Kirkpatrick et al. [15], Fiore
and Lee [16], and Cantin et al. [17] have proposed manual procedures
and guidelines to optimize the FWL.

III. PROPOSED METRIC

The modeling dissimilarities between the floating-point and the
fixed-point simulation results of a DSP algorithm may require com-
puting several error models. For example, the Circuits and Systems
Society (CAS) Standards Committee of the IEEE proposes five error
models for the inverse discrete cosine transform (IDCT) algorithm
in [18]: the pixel-peak error, the pixel mean-square error, the pixel-
mean error, the overall mean-square error, and the overall-mean error.
However, for all the simulation-based procedures cited in Section II,
there is no metric in the literature that can handle several error models,
user specifications, and hardware cost models, in a single unified word-
length optimization process.

A key feature to enable a fully automatic word-length determination
process consists of basing this process on a metric that grades all the
word-length combinations, in the search for an optimal solution. Our
objective is to obtain a metric capable of handling several error models,
user specifications, and hardware cost models.

The desired metric must meet the following criteria.

1) The metric shall accept error models ε0, ε1, . . . , ε(E−1), where
E is the number of error models that measure dissimilarity
between the outputs of the fixed- and floating-point simulations
of the DSP algorithm. For each error model εe, the metric shall
also accept a user specification Se—a pass or fail threshold for
the measured error model.

2) The metric shall accept and consider any suitable expression to
compute implementation costs for each operand Oi analyzed.

3) All word-length combinations shall be graded to guide the
search for an optimal solution. For two word-length combi-
nations having the same implementation cost, the one that
minimizes the dissimilarity between the floating-point and
fixed-point simulations shall yield a higher value of the metric.
For two word-length combinations producing the same output
accuracy, the one that minimizes the implementation costs shall
yield a higher value of the metric. The maximum value of the
metric shall be obtained at the optimal solution.

4) The metric shall generate a negative value if at least one user
specification is not met. Otherwise, the metric shall generate a
positive value.

Based on these criteria, the following metric may be formulated:

C =

[
E−1∑
e=0

(
Se − εe

Se

)
de

]

· H +

[
(I · WLmax) − 1

E

E−1∑
e=0

(
1 − Se − εe

Se

)]

· 1

H

E−1∏
e=0

(1 − de) (4)

where WLmax is the maximum word length allowed by the fixed-point
simulation, I is the number of operands, de = 0 if Se ≥ εe, and de =
1 if Se < εe. The implementation cost, denoted by H , is defined as

H = F ({WLi}) (5)

where WLi is the total word length in bits of the ith operand, and F(·)
is some measure of the operands’ hardware cost, power dissipation, or
processing time for the word-length combination {WLi}, as defined
by the user, in the range [1,∞].

Note that (4) is composed of two terms that are mutually exclusive
as a function of whether the specifications are met or not. The
expression

∑E−1

e=0
((Se − εe)/Se) found in both terms grades all the

word-length combinations and guides the search procedures towards
the optimal solution in all cases. Furthermore, the contributions of all
the user specifications are normalized by the metric. The first term
of (4), [

∑E−1

e=0
((Se − εe)/Se)de] · H , can only be null or negative.

The metric is negative when at least one user specification is not met
by the word-length combination (εe > Se). When one or more user
specifications Se are not met, de = 1, and they contribute to the first
term. Otherwise, the specifications that are met have no effect on the
first term, as their de = 0.

The second term of the metric is positive when all the user specifi-
cations are met. Otherwise, one of the {de} is equal to one, in which
case, the right term is null. When all the user specifications Se are met,
the main objective of the metric is to allow reducing implementation
cost, since H divides the right term. Furthermore, for two word-length
combinations that have the same implementation cost, the one that
provides the lowest error has the highest C value. This behavior comes
from the term [(I · WLmax) − (1/E)

∑E−1

e=0
(1 − ((Se − εe)/Se))],

where (I · WLmax) is a constant that ensures C > 0, and where
the term

∑E−1

e=0
(1 − (Se − εe)/Se) decreases for the word-length

combinations that reduce the error.
To illustrate how this metric operates, let us examine, for example,

the word lengths of two operands for a fifth order elliptic filter [19],
when using two error models and two user specifications. Fig. 1(a) and
(b) shows the contour curves of the maximum and mean-square errors
between the floating-point and the fixed-point simulation results for
operands {WL19, WL21} [19]. These curves were obtained when the
random inputs in the range [−215, 215] are presented to the input of the
filter. Note that only the grid points correspond to feasible solutions.
Fig. 1(a) and (b) was computed by Matlab that interpolates the feasible
solutions to produce contour plots that are easier to visualize.

For a maximum absolute error and mean-square error of 25 and six,
respectively, the contour curves of the C metric can be computed as
illustrated in Fig. 2. From this figure, it can be seen that the optimal
solution {12 bits, 11 bits} is found at the maximal value of the C
metric. Two regions can be observed, the one where the C metric value
is positive when all user specifications are met, and the one where
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Fig. 1. (a) Contour curves of maximum absolute error for operands O19 and
O21 of elliptic filter. (b) Contour curves of mean-square error for operands O19

and O21 of the elliptic filter.

the C metric value is negative when at least one user specification is
not met.

Fig. 2 shows that increasing the word length of an operand Oi

can reduce the accuracy of the outputs, which is counterintuitive.
For example, if {WL19, WL21} are increased by two additional bits
from {12 bits, 11 bits} to {12 bits, 13 bits}, then the mean-square
error is increased from 4.9 to 6.38, and the C metric (see Fig. 2)
then reduces from 40.1 to −1.6. An analysis of this phenomenon
that occurs frequently in simple and complex algorithms led us to
the following simple example that shows how it can happen. Let us
consider a process a = b − c, where at equilibrium, the magnitude of
b and c should match. If WLb and WLc are different, b and c may
never match, even though they could if equal values were assigned
to b and c. Adding on a bit to WLb or WLc without adding it to the
other tends to increase the error in the situation where WLb = WLc.
In general, this type of behavior can happen when some data of
an opposite sign is processed on two different paths that recombine
to produce an output. It was frequently observed when optimizing
the filters.

The C metric was successfully implemented in an automatic word-
length determination tool [3], [20]. In order to determine word lengths

Fig. 2. Contour curves of C metric for operands O19 and O21 of elliptic filter.

of a set of operands in the implementation of an algorithm, the
user takes its C/C++ software description and only needs to rename
the main function, add a fixed-point header file, and declare which
operands belong to a fixed point class. The description of the algorithm
itself is unchanged. This tool was used to compare the solutions
obtained by nine search procedures found in the literature for various
DSP algorithms [17]. The following discussion focuses on the results
obtained with this metric for the IDCT and COordinate Rotation
DIgital Computer (CORDIC) algorithms. For the IDCT algorithm,
the five operands specified in [20] were analyzed. For a maximum
pixel-peak error of one, a maximum pixel-mean-square error of 0.06,
a maximum overall mean-square error of 0.02, a maximum pixel-
mean error of 0.015, a maximum overall mean error of 0.0015, and an
implementation cost per bit set to one for each operand, the automatic
method based on this metric found for the test bench specified in [18],
that Dout, Coeff1, Add1, Coeff2, and Add2 required word lengths
of 19, 16, 20, 16, and 22 bits, respectively. The process required
68 iterations with the Hybrid search procedure [17], computed in
41.6 min when performed on a 1.7-GHz Intel Celeron computer
running under Redhat Linux 9.0, with 1-Gb of external memory and
128- Kb of cache memory.

For the CORDIC algorithm, six operands specified in [21]
were analyzed. With a maximum absolute error objective of 0.007, a
maximum mean-square error objective of 0.0035, n = 9 iterations, and
for a test bench that contains 106 pseudorandom angles in the range
[−π/2, π/2], the automatic method found that Z, X , Y , α, X · 2−i

and Y · 2−i require word lengths of 11, 14, 13, 9, 13, and 14 bits,
respectively. The process required 57 iterations with the Heuristic
search procedure [12], executed in 40.4 min on the same computer.

The word-length combination solutions found by the method can
thus reflect simulated performance when processing real data. The
method does not guarantee that user specifications will be met or that
an overflow in the data path will not occur with another data set (test
bench). Furthermore, making exhaustive simulations with this time
consuming method is often prohibitive. To increase the confidence of
the results produced by this method, four strategies are recommended:
1) stimulating the DSP algorithm with pseudorandom inputs; 2) verify
the mean and standard deviation of each operand and add, if required,
additional bits to the IWL to avoid an overflow in the datapath;
3) increase the constraints by reducing the maximum error allowed
{Se} by some acceptable margin; and 4) once a word-length combina-
tion is found by the method, perform a simulation with more complete
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test benches to make sure that the user specifications are still met.
With these strategies, the method provides rapid and accurate solutions
while reducing the design time, hardware costs, and power dissipation,
as well as allowing performance increases. Finally, the metric can be
used for the formal analysis of DSP algorithms as presented in [22] and
it enables the creation of a framework for an architecture and platform
exploration by hardware designers.

IV. CONCLUSION

A metric for automatic determination of word lengths in fixed-point
implementations of DSP algorithms was proposed. The metric can
handle several error models, users specifications, and implementation
costs in a common word-length optimization process. It grades all
the word-length combinations and guides a procedure towards the
optimal solution. The metric was applied on various DSP algorithms
and guides the search procedures found in the literature towards the
optimal solution.
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Simulating the Electrical Behavior of Integrated Circuit
Devices in the Presence of Thermal Interactions

Massimo (Max) Capobianchi, Vladimir Labay,
Fong Shi, and George Mizushima

Abstract—This paper describes a cosimulation methodology for mod-
eling the electrical behavior of integrated circuit devices in the presence
of thermal interactions. The methodology consists of linking a custom
finite-volume thermal simulator to a commercially available electrical
simulator (Saber, Synopsys, Inc.). Specifically, this paper delineates the
techniques developed to resolve the time- and length-scale issues associated
with this type of cosimulation that, if left unresolved, typically lead to poor
computational performance. These problems, their solutions, and their
implementation into the thermal simulator are exposed in detail.

Index Terms—Electrothermal interactions, electrothermal modeling,
electrothermal simulation, thermal coupling.

I. INTRODUCTION

Integrated circuit (IC) devices such as single chips packaged in chip
carriers, multichip modules, etc., may exhibit operational behavior that
differs from that predicted by numerical simulations. One reason for
such discrepancies may be the result of neglecting the IC’s thermal
response. Power dissipation on a die is typically transient and nonuni-
form across its surface. Because the electrical properties of the die
material are temperature dependent, the electrical characteristics of
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