DIGITAL FILTERING FOR AUTOMATIC ANALYSIS
OF CELL DENSITY AND PRODUCTIVITY
Re iP Jefferis"*, H. Winter , H. Vogelmann*

"Gesellschaft für Biotechnologische Forschung m.b.H.
D-3300 Braunschweig, GFR
and
Deutsche Forschungs- und Versuchsanstalt für Luft- und Raumfahrt

D-3300 Braunschweig, GFR

Abstract

The application of digital filtering techniques to the data from automatic
fermentation process analyzers is discussed.

An example illustrates the application
of these methods to cell density and growth rate (productivity) estimation from
periodic measurements of fermentation broth turbidity. The method of recursive
least squares filtering was found best for the cell density estimates. A hybrid
technique which combines this method with a model for culture oxygen uptake rate

was found to have more rapid response for the cell productivity estimation.
results of on-line use of these digital filtering techniques are included.

The

Introduction

The economic operation of a fermentation process often requires estimation of
the cell density and growth rate for efficient control of nutrient flow and aeration.
Attempts to obtain estimates of growth and growth rate by indirect means te require accurate models of the growth kinetics and require periodic recalibration to

remove drift.

The performance of Kalman filter techniques, in particular, is

seriously degraded by inaccuracies in the process mode1 126],

In fermentation

production, however, the process kinetics are continually changing due to cell age
and alterations of the physico- chemical environment.

In these cases statistical
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methods which employ models of the observed data may give more accurate estimates
than methods which employ models of the process.

This paper describes the applica-

tion of one such technique, recursive least squares filtering, to the estimation
of cell density and growth rate from automatically analyzed measurements of the
optical absorption of the culture broth once per hour? +8].

The method is appli-

cable to other measurements as well, such as dissolved oxygen and substrate concentrations.

The authors have used a modification of the usual

recursive least squares

estimation equationst 2 which produces exponential ageing of the data and thereby
permits the filter to adapt to the changing kinetic conditions of the culture.
Experimental results show that the filter is able to estimate cell density and

growth rate accurately over the entire course of a batch fermentation.
Least Squares Recursive Filter
A least squares filter was designed to estimate the cell mass density, X(t), and
the growth rate, dX/dt, from a series of noisy measurements Xp oXo0 +++ sXp_g oXp

of

the cell density, taken at the times ty >to» seeoty a> ty, by an automatic optical
absorption analyzer.

The least squares filter is based upon the assumption that

the growth dynamics can be approximated with sufficient accuracy by a second degree
function of time within each interval, t, of the fermentation.
2

x(t) = a, + aot + ast’,

That is,

(1)

or, in matrix form,

X = HZ

(2)

where,

2
H= i, t,t]

“1
Ze= la,

Based upon this assumption, and the assumption that the measurement noise is uncorrelated, it has been demonstrated in the classical least squares theory tJ that
the unknown coefficients, (a,> ay» a3) which minimize the squared estimation error
are given by,
T
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where R is a matrix containing the covariances, er of the measurement noise given
by,
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In the present study, however, the effective measurement noise of old data has been

exponentially increased, which leads to an exponentially decreasing contribution of
these data to the estimate, 2,
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where Un tut, is the time between the last and the ith sample. This
has
approximately the same effect as placing a "window" over the recent
samples which
is t/AT, samples wide, where AT, Sl t,_;- This allows the second
degree estimation polynomial to follow the cell growth through conditions of varying
culture
kinetics.
For the application of on-line digital computers to cell density
and growth rate
estimation, a recursive formulation of (3) is more useful. Writing
the corresponding equation for k-1 measurements, and rearranging this equation
by means of the
matrix inversion (Bartlett) lemma,
m
8 - BH'(HBHT
+ A)

ig)

(6)

one obtains the set of recursive filter equations,
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These equations can be used to continuously estimate the state vector, Z,
from the

optical absorption measurements, Xp This means that the coefficie
nts a; of the
polynomial approximating function (1) are continuously adapted so that
this function
gives the best least squares fit to the measurements between t.-t and
t,. The best
cell mass estimate is then,

Me = Wey

(8)
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Attempts to estimate dX/dt differentiating the approximating function (1) proved too
slow responding for use in fermentation control. Instead the growth rate was estimated from simple differences of the cell density according to the equation.

ax]
OE Neo

(Xe %-ı)
oe Pkt

(9)

The specific growth rate, u, can be then computed from the definition,

ii a

dX,/dt
ees

(10)

Xk

Automatic Cell Density Measurement
Apparatus

The dry weight cell density of bacteria and yeasts in synthetic media has been
determined by periodic turbidimetric measurement[ 7 2], According to this method
a representative sample is removed from the culture broth through a 3-way
valve,

as Shown in Figure 1, where it is segmented for transportation to the analytical
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Figure 1

Autoanalysis system for cell density measurement.

system. In the analyzer the sample is desegmented and diluted 10 to 100 fold with
air-segmented buffer solution to bring the photometric extinction in the range 0.0
to 0.5 (0.0 to 2.0 g/1 dry weight). In this range the relationship between extinction and cell density is linear, as shown in Figure 2. The diluted sample stream,
after mixing and desegmenting, then flows through a photometric cell of 1 to 10 mm

path length, where the turbidity at 600 nm is measured. Each such sample produces a flat-topped analytical peak similar to that shown in Figure 3. From this

peak the average of base line extinction measurements, obtained by running a disinfecting and cleaning buffer solution through the system, must be subtracted. The
resultant net peak deviation, Vos is related to the actual cell dry weight, X, at
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sample dilution rate, r, by the formula,

koe mv, >

[g-Cells/1]

(11)

where m is the slope of a calibration curve for the organism which
relates dry

weight to turbidity.

Recalibration of the dilution rate is performed, in practice,
by periodically substituting test samples of Amido Black 10B (Merck
No. 1167) solu-

tion of known absorption density for the buffer cleaning solution
in the sample
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transport system.

The dilution rate, r, is then calculated from the formula,

re Eagles >

(12)

where Foy is the extinction of the standard solution as measured in the laboratory

with hand dilution, and Eon is the extinction of the standard solution as measured
by the automatic analyzer (millivolts).

The cell density is thus converted to dry

weight units with correctionfor changes of the dilution rate due to drift and
ageing effects in the dilution pump.
Computer Programming

The entire sampling and analysis operation has been automated by coupling to a
PDP-11/40 (Digital Equipment Corp.) process computer.

As shown in Figure 1, the

computer can initiate sampling through a relay controller (UDC-11) output.

This

actuates a solenoid valve, admitting culture broth from the fermenter to the analysis
system.

The electrical signals which result at the photometer are then acquired by

means of an analog-digital converter (AFC-11) and processed to obtain the corrected
cell density.
The automatic analysis program incorporating the least squares tracking filter,
as described, consists of ten functional subelements arranged in the overlay structure illustrated in Figure 4 and explained below.

These functions are invoked in

| AUTO |

[ Autscn]

[ astar_]

| AREAD |

Figure 4
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Program structure for automatic cell density analysis.

sequence to perform the data acquisition, control, and analysis operations which are

indicated in the flow diagram of Figure 5.

The main program (AUTO) is scheduled at

regular intervals, typically one hour, and calls six subprograms for the processing.
A parameter file containing the photometer response characteristics, dilution rate,
calibration factor, and other engineering data is first read from the system magnetic
disk (AUTSCN).

Twenty photometer readings are then taken during the base line samp-
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ling window by the data acquisition subprogram (AREAD), as illustrated in Figure 3.
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Figure 5

Flow diagram for automatic cell density measurement.

These samples are subsequently converted to engineering units, corrected by means of
Equations (1) and (2) by a calibration program (ACALIB), and a statistical program
(ASTAT) then computes the mean value. The date and time of sampling, available from
the operating system of the computer, are then noted, followed by opening of the

sampling valve by a digital output program (DOUT).

The main program next waits for
the peak sampling window (Figure 3) a length of time equal to the sum of the transport delay and the rise time of the analytical system. The sampling (AREAD), con-

version (ACALIB), statistical (ASTAT), and output (DOUT) programs are then called

again in sequence to gather twenty extinction values during the peak sampling window,
convert them to dry weight units, average them, subtract the average of the base line
data, compute the peak noise statistics, and close the sampling valve.

The peak

noise thus computed is subsequently used as the covariance of the measurement noise
required by the recursive digital filter. The final program (AUTFIL) looks up the
last previous data and digital filter parameters from the disk, computes the elapsed
time difference (DELT), performs the least squares digital filtering using the most
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recent data and noise estimates (LSQFLT), and writes the resulting filtered cell
density on the disk(AUTIO), along with certain parameters of the digital filter.
The subdivision of analysis functions in this manner allows the subprograms to
share a single common area in the computer memory, thus reducing the total memory
space required for this task.
Experimental Results
The computer-automated analysis system with recursive least squares digital
filtering of the cell density data was used to gather and store measurements from
a 500 liter culture of Candida boidinia growing on methanol in a synthetic medium.

In addition to the cell density analyzer, on-line measurements also included

temperature, pH, pO.» substrate concentration, air flow rate, agitation A]
and both oxygen and carbon dioxide concentrations in the exhaust gas stream.
Data acquisition cycles were synchronized to the multiplexing of exhaust gas sam-

ples from multiple fermenters. The cell density measurements were filtered using
the recursive least squares technique described above, and the resultant polynomial,
X = a, + ajt + at

2

[g-cells/1]

(13)

was used to extrapolate the filtered measurements to the data acquisition instants.
Figure 6 illustrates the quality of the turbidity measurements obtained from the
analyzer and the effectiveness of the recursive least squares filtering technique
in smoothing this input data.

Figure 7 illustrates the use of the filter to esti-

mate the productivity (dX/dt) directly from on-line cell density data, using the
derivative of the polynomial of Equation (13),

dx/dt = a, + 2ast

.

(14)

From the comparison of these figures with values obtained by fitting cubic splines[13]

off-line to the cell density data, it can be seen that the values of dX/dt estimated by the recursive least squares filter lag the actual values by one hour, or by
one cell density measurement.
This unavoidable consequence of the low rate at
which cell density measurements are delivered to the filter, which is on the order
of the rate of process fluctuations, can only be overcome by incorporating further

process information into the estimator.
A Hybrid Digital Filter

The long term stability of the tracking filter described above can be effectively
combined with an oxygen uptake rate model of cell growtn[3 >14] to yield a hybrid
filter with improved response for cell productivity estimates. Solving the mode]

equation given by,
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Oo. = X + Cox

(15)

2

for the productivity, X, one obtains the differential equation,
X= at, = CaX)

(16)

That is, the rate of oxygen utilized for growth can be obtained by subtracting the
portion consumed for cell maintenance from the total oxygen uptake rate as computed
from process measurements.

The cell density estimates, <X>, from the least squares

tracking filter can then be used, as shown in Figure 8, to obtain this maintenance
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Figure 8

Hybrid filter-model scheme for productivity estimation.

Cn=0.94

1

v

i

T

i

T

Tv

Cg = 76.0

Figure 9
contribution.

1

1

1

10

20

30

TIME (hr)

40

Productivity (dX/dt) estimates from hybrid filter.

This eliminates the need for the numerical

reinitialization described in earlier studies[J.

integration and periodic

Cell productivity can thus be

estimated from the measured oxygen uptake rate and the filtered cell density data.
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The result of this hybrid procedure for estimation of cell productivity is shown in
Figure 9.

These estimates respond rapidly to changes in the oxygen uptake rate and

are, at the same time, corrected for the long term changes in cell density.
Conclusions

The method of recursive least squares digital filtering gives cell density estimates from automatic analyzer data which follow cell growth but are not sensitive
to errors in process kinetic modelling.

Data has shown that the filter performs

well in smoothing points of bad analyzer data.

However the least squares tracking

filter performs rather slowly for the purpose of growth rate (productivity) estimation.

For the latter estimates a hybrid filter incorporating a kinetic model

was shown to have more rapid response, but the resulting productivity estimates

will show some sensitivity to eventual long term changes in process kinetics. Thus
the hybrid filter can be expected to give good short term performance for the purposes of process control and will also exhibit long term stability of the cell
density estimates, due to the incorporation of the analyzer data by means of the
least squares tracking filter.

For the future, however, on-line adaptation of the

model coefficients should be attempted, so that the short term estimates can be
compensated for changes in process kinetics.
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