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Abstract: This paper provides a new method for analyzing floating point roundoff
error for digital filters by using FSN (Finite Signal Noise) models whose noise sources
have variances proportional to the the variance of the corrupted signals. With this
model, the output error covariance of floating point arithmetic is derived and it is
shown that optimal state space realization can be different from the optimal structure
of the fixed point case. Copyright ©2002 IFAC
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1. INTRODUCTION

From the 1970’s, many researchers have conducted
studies to minimize the errors in digital signal
processing computations caused by finite word
length effects. The finite wordlength effect may be
divided into two categories (Mullis and Roberts,
1976) of Coefficient error and Roundoff error.
Here, only the effect of roundoff errors will be
considered.

The roundoff errors due to fixed point arithmetic
are modelled by additive white noise sequences
independent of the signal and with fixed variance.
Mullis and Roberts (1976) and Hwang (1977)
independently developed results on the properties
of the output errors of the digital filters and
determined the optimal fixed point state space
realization.

Since the roundoff errors in floating point
arithmetic are correlated with the signal that is
quantized into finite precision number, the errors
cannot be modelled by the standard white noise
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and the expression and the analysis of the errors
is more complex compared to that of fixed point
arithmetic. With this inherent complexity, the
optimal state space realization in floating point
arithmetic is known only for special cases. In
case of double precision accumulation, it may
be shown (Rao, 1992) that the optimal state
space realization is similar in nature to that
of fixed point arithmetic, and for the case of
extended precision accumulation (a few additional
mantissa bits, but not double length) Bomar et al.
(1997) found that the floating point roundoff
noise gain is identical in form to the fixed point
gain. The previous work to optimize fixed point
realization is directly applicable to the floating
point realizations. In both papers, the state error
covariance equation is expressed by a function
of the state covariance in infinite precision, so
their equations are not recursive and thereby the
stability issues of the covariance equation could
not be addressed.

Skelton (1994) introduced a new noise model for
linear systems, so called “Finite-Signal-to-Noise
Model”, or simply the FSN model. Since this
model assumes that the variance of the noise
corrupting a signal is proportional to the variance



of the signal, it is well suited to analyzing floating
point roundoff error. Recently de Oliveira and
Skelton (2001) provided necessary and sufficient
conditions for mean square state feedback
stabilization of linear systems with FSN model.

The FSN model reduces to the same mathematical
problems as for the multiplicative noises. Existence
conditions of state feedback stabilizability for
linear systems with state and control dependent
noise in continuous time were derived (Willems
and Willems, 1976). More recently, a parametriza-
tion method was suggested for calculating exact
stability bounds for systems with multiplicative
noise (Sasagawa and Willems, 1996).

The problem of floating point arithmetic is
analyzed in a different way using FSN model
in the case of extended precision accumulation.
The expression of the output error covariance
is derived which is different from the previous
floating point analysis. It is concluded that the
optimal state space realization of floating point
arithmetic can be significantly different from the
fixed point case.

The outline of this paper is as follows. In
Section 2, the definition and some stability results
of linear systems with FSN models are discussed.
Section 3 describes the effect of floating point
roundoff errors on digital filters and formulates
the filter output error covariance.  Section 4
summarizes this paper. In this paper, matrices
will be denoted by upper case boldface (e.g.,
A), column matrices (vectors) will be denoted
by lower case boldface (e.g.,x), and scalar will be
denoted by lower case (e.g., y) or upper case (e.g.,
Y). For a matrix A, AT denotes its transpose. For
a symmetric matrices P > 0 denotes the fact that
P is positive definite.

2. FINITE SIGNAL TO NOISE MODEL

The formal definition of FSN model and stability
results are described in (Skelton, 1994) and (Shi
and Skelton, 1995). In this part only the result of
the previous works will be presented.

The linear systems with “Finite Signal to Noise”
Model are described by the state space equations
Xk4+1 = Ax; + Buy (1 + nk) —+ Wy

yi = Cxy, (1)
up = ka
where, n; and wjy are zero mean independent
white noise sources, and all matrices and vectors

are assumed to have appropriate dimensions. The
closed loop state equation will be

Xkt1l = (A + BK) X + BKxpng + wy. (2)

The state covariance equation is
X1 = (A+BK)X;(A+BK)"
+0’BKX,K'BT + W
where, X;, £ & {xkxf}, W & ¢ {Wkw;f}7

o2 2 & {ni} and &£(-) represents the expectation
operator.

3)

Since the effect of noise on the states increases
as the input signal wu; increases, the systems
with FSN model and stable A +BK can be
destabilized in mean square due to noises, whereas
the traditional white noise model cannot be
destabilized by noise alone. This new model
describes many physical systems more realistically
than the traditional white noise model.

Following is the formal definition and condition
for mean square stability of systems with FSN
model.

Definition 1 (Mean Square Stability) (Shi
and Skelton, 1995) The FSN closed loop system
(1-3) is mean square stable if its steady state
covariance X exists and is positive definite.

Theorem 1 (de Oliveira and Skelton, 2001) There
exists a controller gain K such that the closed loop
FSN system (1-3) with noise power o? is mean
square stable only if the pair (A, B) is stabilizable

and (o/V/1+02) A is stable.

Remark 1 Mean square stability of the closed
loop FSN system is equivalent to the existence of a
matriz P > 0 satisfying the LMI (Linear Matrix
Inequality)

(A+BK)P(A +BK)" - P
+0*BKPK'B” < 0. (4)

The two conditions of Theorem 1 can be expressed
also by following two LMI conditions, respectively.

B (APA” —P)BL' <0

2 (5)
9 _APAT —P <0
14 02

A sufficient conditon for mean square stabilizability
of the FSN system is that the two LMI conditions
(5) should be satisfied by the same positive definite
matric P. The importance of the above LMI
formulation of the stabilizability conditions lies in
the availability associated computational tools to
test for existence of and to compute the solution
matriz P.

Example
Consider the following unstable discrete system.

B >l



Since the matrix pair (A,B) is controllable,
this system can be stabilized for any values of
noise variance in a traditional additive white
noise model. However, following Theorem 1, this
system cannot be stabilized if the noise variance
02 > 1/v/3 in the FSN model, since the matrix
(0/V1+ 02) A becomes unstable.

3. FLOATING POINT ARITHMETIC
3.1 Floating Point Arithmetic Noise

The floating point binary representation of a
number is given by

T = Ty 2% (6)

where x,, is a fractional part called the mantissa,
and . is called the exponent (Gevers and Li,
1993). Typically, the mantissa is normalized such
that 0.5 < |z, < 1. Since the number is
represented by a multiplication of the mantissa
and the exponent, the resolution between two
successive floating point numbers depends on the
magnitude of these numbers, with the quantization
error being proportional to this magnitude of
both of these numbers. It is suggested that the
noise due to floating point computation is largely
due to the mantissa truncation and is therefore
proportional to the signal amplitude. Hence, the
quantization error in floating point arithmetic
cannot be modelled by traditional additive white
noise.

Floating point multiplication and addition roundoff
errors can be described by (Bomar et al., 1997)

FL(ZL'lﬂfg) :$1$2(1+6) (7)

FL(l‘l —+ SCQ) = (1‘1 + SCQ)(l —+ (;)7

where F'L(-) denotes “floating point quantization”
and € and § are white noises with zero mean value
and the variances of, approximately

02 ~ 0%~ (0.18)2728 (8)

where B is the number of mantissa bits.

The floating point digital signal processors in
use today are all classified as single-precision
devices, but internally perform register-to-register
calculations with additional mantissa bits (Bomar
et al., 1997). For example, the Texas Instruments
TMS320C30/C40 family of processors, the Analog
Devices ADSP21020 family, and the AT&T DSP32
family all use a 32-bit mantissa for register-to-
register operations, while the Motorola DSP96002
uses a 31-bit mantissa. Only the final result of a
sum of products calculation is quantized back to
the 24-bit-mantissa single-precision format. The
mean and the variance of this final quantization

are respectively zero and

o2 ~ (0.167)2725 9)

where, B’ represents final mantissa bit(=24).
Therefore we can consider only the final roundoff
error, since B > B and a7 > o2, 0}.

3.2 Effects of Floating Point Errors on Digital
Filters

Digital filters are represented by the state equations

X1 = Ax; + Buyg

1
yr = Cxp + Duy (10)

where, uy is the scalar input, y; is the scalar
output, and x is the n-length state vector. A, B,
C,Darenxn,nx1,1xn,and 1x1 real constant
matrices, respectively. Due to the floating point
quantization, the actual filter is implemented as

Xpy1 = ApXy + Bkuk

A 11
Or = Cixy, + Dy (11)

where, X, Ui, and i is the actual state, the
actual output, and the actual input, respectively.
And, the other matrices are defined as follows
(Williamson, 1991):

A = [ij(k)], By = [6i(k)], Cr = [c;(k)],
Dy, = Dy.
(12)
Here

n

aij(l + Gij) H(l + 6’ip)(1 + 771‘),

p=1
i () (for j=1,2)
ij = n
aij(1+ €5) H (L4 0ip) (1 +m3),
p=j5—1

1+6n+1j H 1+6n+1p 1+nn+1)
p=1

_ for j=1,2
Cj(k‘) == ( n )
1+6n+1] H 1+6n+1p (1+77n+1)
p=j—1
(for j=3,....n)
D(k) = D(1+ €nt1,n+1)(1 + nt1,0) (L + Mnt1)

(13)

where, €;; = €;;(k), d;; = 0;;(k) are multiplication
and addition errors and n; = n;(k) are final
quantization errors, all of which are zero mean
independent white noises.



If the products of very small error terms are
neglected in (13), then (11) is reduced to (14).

X1 = (A + AAX, + (B + ABy)ig

- - N 14
U = (C+ACk)Xy + (D + ADy)ig (14)
where,
—allmll(k) . alnmln(k)
AA; = :
_anlmnl(k) cee annmnn(k)
(b na1(k
1My, +1( ) (15)
ABj =
_bnmn,nJrl(k)
ACk = [clmn+171(k) e Cnmnle,n(k)]
ADk = Dmn+1)n+1(k).
And,
€5 + Z‘Sip + i,
p=1
(fOT‘ Jj= 17 2)
mi; (k) = n
€ij + Z 67;17 +nia
p=j—1
(for j=3,...,n)
My n+1(k) = €nt1 + Gin + 1
n
€n+1,5 + Z 6n+1,p + TIn+1,
p=1
forj=1,2
mn+1,j(k) = ( n )
6n+1,j + Z 5n+1,p + 7]n+la
p=j—1
(forj=3,...,n)
mn+1,n+1(k) = €n+1,n+1 + 5n+1,n + NMn+1-
(16)

As discussed in Section 3.1, since the error of final
quantization into 24-bit mantissa is much bigger
than the other errors caused by intermediate
register-to-register arithmetic, we can consider
only the final roundoff errors 7;(k). Then, the
matrices in (15) can be reduced to the matrices
in (17).

a1 ... Q1pM1
AAL = :
An1Tn -+ Gonlln
=diag{ m, 72, ..., M } A
= {ZmEZ} A
i=1
bim (17)
ABy = =diag{m, ..., 7 } B
by

ACk = [Clnn+1
ADy = 77n+1D

Cnnn+1] = 777L+1C

where, E; is the elementary matriz that has “1” in
the i —i element and zero elsewhere. Therefore, we
can express the actual state and output equation
by (18).

K1 = <I + Z niEi> Axy + (I + Z niEi> By,
i=1 i=1
Uk = (1+ Nng1) CRp 4 (1 4 1ng1) Dt
(18)

When the input is a white noise with variance of
02, the state covariance equation of (18) will be

X1 = AXAT + 02 ) "EAX,ATE;
i=1

+02BB” + 0202 Y E;BB'E; (19)

i=1

where, X, 2 £{x,%7}.

The second and fourth terms of the right hand side
of (19) are caused by the floating point roundoff
error. Similarly to systems with FSN models, the
above recursion can be destabilized by the second
term when the variance of floating point error
is relatively greater than the stability margin of
the matrix A. Hence, the floating point errors
can cause stability problems for systems like very
narrow band filters where poles are very near to
the unit circle.

3.3 Calculation of Floating Point Output Error
Covariance

To find the expression of output error covariance
we define the state error e, and the output error
Ay as in (20). Here it is assumed that 4y = uy.
This is often the case in practice when the input
itself has been generated by a finite wordlength
device, and hence is known exactly.

A ~
€r+1 = Xk4+1 — Xk41

= Aey, — i niE; ARy, — i i B Buy,

i=1 i=1
Ay = yi — G
= Cex — Nn+1CXk — N1 Dug

(20)

Zpi1 = Azy + TZUiEiA [0 I] Zy

i=1
_ n

+1> nEBuy (21)

=1

Ayp =[C = 0n1C] 2k — Ny Duy,



x[i], ae[33) e[

Then, the state covariance equation of z; and the
output error covariance equation will be given by
(23), when the input signal uy, is chosen as a white
noise test signal with zero mean and variance of
o2,
n
M1 = AMA” + 07071 EBB'EI"
i=1

+0o2I> E;A [0 1] M, m ATET"
i=1

NN
= CEkCT + O'?YCX]CCT + 0'303]1)2
(23)
where,

Mk = E{Zkzg} = l:

op £ E{nj}.

The above state covariance equation (23) can be
divided into the following three coupled matrix
equations.

Ek Zk:|

Zj, Xy (24)

Eir1 = AE,AT 407 ) EAXATE;
i=1
+ O'iO’% Z EZBBTEl
=1
Y _ Y T 2 . Y T
Xps1 = AXAT + 07 ZEiAXk.A E,
=1
n (25)
+o207> E,BB'E;
=1
Ziy1 = AZAT — o) Z E,AX,ATE;
=1
—o202> EBB'E;

i=1

In (25), the stability depends only on Xj. That
is, if X £ limj_oo X; exists, then M, £
limy_, oo M} exists. It can be shown that this
existence condition is equivalent to the existence

of a matrix P > 0 satisfying the LMI

APAT - P 40} > E,APA"E;
i=1
+o202 Y EBBTE; <0. (26)
i=1
This LMI condition (26) can be used to determine

the number of final mantissa bits that is required
for stable realization of filters which have poles

very near to the unit circle. If (26) is satisfied,
then

X =AXAT +02) EAXATE; +Q; (27)
i=1
where, Qi = o0} 37i; E;BBTE;.

For 07 < 1, (27) can be approximately written
as

o0 .
X =A,XAT+Q; = ZA;‘,Q1 (ALY, (28)
1=0
where,

A 2

p24/1+02 A (29)

Substituting (28) into the steady state version of
(25) yields

B=> AQ(a)) (30)
where,

Q2o;) EjA {ZAéQl (AZ)Z} ATE; + Qu
=1 1=0

=olo2Y E;A {Z ALV (Ag)l} ATE;
J=1 =0

+o202> E,BB'E;
=1
(31)
where,
V= Z E,BB"E,. (32)
=1

Therefore, the steady state covariance of output
error is expressed by (33).

AY £ lim & {Ay?(k)}
= CEC” 4+ 0;CXC" +.0.D*
=opoiCY A EjA{ S ALV
s=0 j=1 1=0
l s
(Al }ATEj (AT)" c” (33)
+o202CY AV (AT) C”
s=0
+o402CY AV (AT) CT
s=0
+ 030,27D2

Since usually o) < o7, oj-terms in (33) can be

neglected. Then, the output error covariance will
be (34).



AY =002 [CY AV (AT)CT 4+ D?
=0
s (34
Or,
AY =070, [tr {VW} + D?|
d 35
= 0’7270'2 [Z Wubzz + D2 ( )
=1
where,
w=>" (A7) CcTCA’, (36)

i=0
and W,; is the 7 — ¢th element of W and b; is the
i-th element of B. This result (35) can be formally
stated as following Theorem 2.

Theorem 2 For a given infinite precision digital
filter represented by

Xp41 = Ax; + Buyg

yr = Cxp + Duy, (37)

the steady state covariance of output error,AY, is
given by
n
AY = o202 [Z Wiib? + D? (38)
i=1

for a white noise input signal of variance o2 when
the filter (37) is implemented in digital signal
processor utilizing extended precision arithmetic
for internal register-to-register, where Wy; is the
1 —1ith element of the observability Gramian W of
matriz pair (A, C) , b; is the i-th element of B,
and o2 is the variance of the final quantization
error given by (9).

The expression of output error covariance (35) is
different from that of Bomar et al.(1997),

n
AY = o202 |CKC" + D? + ) " K;Wii| (39)
i=1
where, K is the controllability Gramian of matrix
pair (A, B). In (39), because only the third term
in the bracket depends on the realization and is
the fixed point roundoff noise gain, Bomar et al.
(1997) concluded that the optimal state space
digital filters realized on floating point digital
signal processors are the same as that of fixed
point case. Hence, this difference between (38)
and (39) points to the fact that the optimal
state space realization of floating point arithmetic
can be different from the structure of fixed
point arithmetic. Finding optimal realizations in
floating point arithmetic requires more study.

4. CONCLUSION

The floating point roundoff errors coming from
implementing digital filters and controllers appear

in the form of multiplicative noises, so the
traditional method of using additive white noise
cannot be applied to analyze the effect of the
errors. In this paper, the floating point error
effect on digital filters was analyzed by using the
newly introduced FSN models which have noise
sources whose variances are linearly proportional
to the variances of the corrupted signal. With
this new model, a new expression for the output
error covariance of digital filters was derived
when implemented in floating point digital signal
processor using extended precision and it was
concluded that the optimal state space digital
filter realization of floating point arithmetic can
be different from that of fixed point arithmetic.
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