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ABSTRACT

A computer simulation is provided to.generate
bacterial survival data using the We1bu11‘mode1
(the exponential being an op§1on): The simul-
ation provides data when serial d11up1pn is used
before or after exposure to abactericide
allows for incubation as well. The simulation
should be useful in all sterilization studies -
whether of medical services, food, pbarmaceut-
icals, or space vehicles. The algor1thm,_upon
which the simulation is based, adheres faithfully
to the probabilistic description of the exper-
iment.. The simulation should also be.usefu1

to both statisticians and microbiologists.

KEY WORDS: simulation, sterilization, bacter-
ial decay, serial dilution experiment, expon-~
ential decay, Weibu11'decay.

INTRODUCTION

Studies in public health, medical instrument-
ation, microbiology, pharmaceutical manufact-
uring, and food science, are concerngd wyth
sterilization and decay rates or extinction
times of bacteria in the presence gf a bac-
tericide. These experiments require obtain-
ing estimates of bacterial densi?1es at sev~
eral points in time. This data is then used
to estimate bacterial decay rates (see Anel-
1is [1967], Schiemann [1973], Abshire [1985],
Koch and Tolley [1975], and Davis, et.al
[1984] for example). Such experiments are
often very expensive, time consuming, and
not easily reproduced. It is the intent

of this paper to provide a computer simul-
ation of such experiments which cah be used
as a tool by experimenters to devise ways

of obtaining better experimental results

and as a tool for statisticians to test
methodologies used in the analysis of such
experiments.

Two major procedures are currently in use
for estimating a bacterial density: the
colony count method and the quantal res-
ponse method (Finney, [1964]). Our primary
interest is in simu]atingbthed%uaqtalt the
response type experiment by adhering to
probabi]is{?c principles inherent in the ex-
perimental methodology. So as to prDV1d§
flexibility for both statisticians and micro-
biologists, this data is generated by using
the Weibull distribution in the form

F(T) = 1 - exp[-BTM1,

where parameters A and B are initialized by
the user of the simulation at the out set of

Jack Hachigian
Hunter College
CUNY
695 Park Avenue
New York, N.Y.

516

a computer run. The choice of A=1 will provide ex-
ponential decay data, the most common distribution
of interest.

THE EXPERIMENTAL MODEL

Consider first a single time length of exposure (or
dose). An experimenter prepares N tubes, each con-
taining an average number of bacteria, LAMBDA.

That is, we assume that in preparing the original
bacteria to be used in the experiment, the distrib-
ution of the bacteria is at random without clumping
and hence follows a Poisson distribution having

mean LAMBDA in a small unit of volume. These N rep-
Ticates are then exposed to a bactericide for a per-
iod of time T. The experiment is then repeated at
several points T1, T2,...,Tg. Two possibilities

now exist for quantal response experiments.

In the first case, the tubes are examined to deter-
mine whether they are sterile or not. The propor-
tions of fertile tubes {"T }' S are then used to

: i =1
estimate extinction rates of bacteria. Mather [1949]
used these proportions to evaluate the observed res-
ults in terms of the exponential decay model. Ep-
stein [1967], and Hachigian [1971], independently
laid the theoretical justification for Mather's app-
roach. In the algorithm described below one option
will generate Mather type data.

The second situation is described by Koch and Tolley,
[1975]. They assume the possibility that each of the
N tubes can be serially diluted after exposure to ob-
tain additional proportions at each time point T.
They present a generalized modified -x2 analysis of
such survivor data, assuming the underlying mechanism

of decay to be governed by the exponential distrib-
ution.

Generating Koch and Tolley type data is an alternative
option using the simulation provided herein. In add-
ition, Koch and Tolley assume the tubes are incubated
after exposure to the bactericide. The simulation
allows the user to choose whether incubation is des-
ired or not. A tube is sterile (no growth) with pro-
bability exp [-Az] after incubation, where A is the
density per inoculator and z the dilution of the inoc-
ulator. However, if incubation is not chosen as an
initial condition, a tube is considered fertile simply
if one or more bacteria survive the bactericide.

These assumptions are adhered to in the simulation.

A third option is provided in the simulation. If
serial dilution after exposure cannot be accomplished
but an experimenter wishes to have additional propor-
tions for statistical analysis then he/she may decide
to serially dilute each of the replicates before ex~
posure. In this case an array is exposed at each
time point thereby giving multiple ratios of partial
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spoilage at each point. This data will allow for a
more accurate determination of the decay rate of the
bacteria,

THE ALGORITHM

STEP 1:
Select the initial time-length of exposure {or dose)
which we denote by INITIALTIME (T).

The point T, at which the experiment begins is
chosen by the experimenter (i.e. the user of the
simulation). The selection is made by taking into
account various judgemental factors based on past
experience or actual experimental results, In add-
ition to those factors ordinarily associated with
the conduct of an experiment, other considerations
regarding the use of computer time and statistically
useful output data should be taken into account when
selecting T.

Since the range of values for T are all numbers
greater than zero, care should be exercised not

to select T too large or too small relative to the
parameters, A and B. Too small a value for T will
result in data at successive time points in which
all tubes are fertile, which will be of 1ittle
statistical value as well as add to computer cost.
Too Targe a value of T will result in all the rep-
licates being non-fertile, thereby missing statist-
ically important data. However, the ease, avail-
ability, and generally small cost of a simulation
allows for greater flexibility than the actual
performance of an experiment. This last point ind-
icates a potential use for the simulation. Spec-
ifically, a simulation run can assist an exper-
imenter in the delineation of the range of values
of T over which to conduct the actual experiment,
thereby avoiding the expense of conducting an
experiment at time points which will not give
statistically useful data. As an example, all
fertile or all non-fertile replicates for a num-
ber of time Tengths of exposures would be waste-
ful and of no statistical interest, especially

in Mather type data.

STEP 2:
Select a time (dose) increment denoted by
TIMEINCREMENT (aT).

Simitar considerations apply to the selection of AT
as in STEP 1 for the selection of T. Unless there
is a very specific reason, selection of very small
T (e.g., AT = .001) would only add considerably to
the total computer time without a commensurate in-
crease in useful data. Selection of AT=0 results
in the simulation being conducted at the single
time point T selected in STEP I, which is a use-
ful option designed to conserve computer time.

As noted by Cornell and Speckman [19671, there are
experimental investigations where it is convenient
for the microbiologist to space the time points (at
which the experiment is to be conducted) equaily on

a logarithmic scale. We provide for this option at
the initialization of the simulation run with a re-
quest that the user select ejther arithmetic or
logarithmic (natural) spacing. The choice of arith-
metic leads to the simulation being conducted at
T,T+AT,T+24T,..., etc. until termination. The
choice of Togarithmic spacing results in the sim-

ulation carried out at T,TeAT,TEZAT,Te3AT,---, etc.
until termination. How the program automatically
terminates will be discussed in the last step of

the algorithm.
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STEP 3:

Select the number of replicates N to be used at each
time point irrespective of whether the time points
are arithmetically or logarithmically scaled.

The number of replicates at each time point in a
typical experimental situation is often varied
according to the time point at which the exper-
iment is to be conducted. However, in this sim-
ulation N is chosen as fixed and is the same for
each time point beginning with INITIALTIME T.
However, at a slight cost of inconvenience it is
possible to vary N at each time point by running
the program using AT=0 at preselected time points
T,Tl,...,Ts, each with a diﬁferent N. In this
case the user is obliged to choose T’Tl’Tz""’TS
according to his/her interest without the avaii-
ability of the automatic stopping feature prov-
ided when AT#0.

The single time option can be used by an experiment-
er in another useful way. Suppose he suspects the
result of an actual experiment at a particular time
of exposure is inconsistent with the rest of his
results. The simulation can then be run using est-
imates obtained from data at the other time points
to see if comparable data can be produced. If it
can, then the data can be reasonably assumed to be
correct. If not, then the simulation should be run
using estimates from all the data including the
suspect data. If the run gives comparable results
to the experimental data, then it is possible that
the experimental results were correct. If, however,
the run cannot produce comparable results, then

the inconsistent data may be suspect (see Koch and
Tolley [1975], Sec. 4 in the Appendix.) Of course,
before resorting to the use of this simulation in

a situation such as just described, it is incumbent
upon the experimenter to carefully analyze the ex-
periment and procedures to decide what, if anything,
extraneous or procedural could have caused or pro-
duced the inconsistent data.

STEP 4:
Select whether serial dilution is desired before
or after exposure to the lethal agent.

STEP 5:
Select the number of serial dilutions.
the dilution factor of the inoculator.

Select

As noted by Koch and Tolley [1975], Ma@her type
data is obtained when serial dilution is not per-
formed. This possibility exists by selecting

the number of serial dilutions in STEP 5 as zero.

STEP 4 requires some further comment. Serial
ditution is typically performed after exposure
to a lethal agent. However, in certain experi-
mental situations serial dilution is dangerqus
or difficult to perform after exposure (as in
food science studies involving C. Botulinum).
Nevertheless, it is desirable to obtain Koch
and Tolley type data for analysis. To tha?
end, we provide the option of serial di1ut1qn
at each time point an array is exposed, having
N columns (the replicates) and QU rows (whefe
QU is the number of dilutions selected). Diag-
rammatically, the array appears as follows at
each time point T.
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Replicates:
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This array (at each time point T) is obtained
conceptually as follows, where the dilution
factor, QF=10.

Replicates:

1 2 3 N
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L L L

The dilutions are carried out according to the
selected factor. If the serial dilution is to

be carried out in factors of 10 for example, then
the dilution factor is selected as 10 at the out-
set in STEP 5 and the dilutions will be 1/100,
1/101,1/102,...,1/100U. It is apparent that the
number of dilutions, QU, is the exponent of the
last diTution for which experimental results are
required. If the number of dilutions is chosen
equal to zere (e.g., QU=0), then the N replicates
are inoculated with the original concentration of
bacteria, LAMBDA (see below, STEP 6).

STEP 6:
Choose LAMBDA to be the average inoculum level for
each replicate (without dilution).

LAMBDA is chosen equal to the expected value of the
bacteria concentration at the first (e.g., QU=0)
Tevel of dilution. Although the stock Jevel S, in
the above diagram is shown to be used to inoculate
the replicates, one could very well have started
at level A, B or C or any other level for the
first row of the array. The inoculation of all
levels thereafter is accomplished automatically

by the computer according to the chosen dilution
factor (e.g., QF). It is assumed that the exper-
iment simulated is one where the inoculation is
carried out without clumping or arregation and,
therefore, the number of bacteria in a small unit
of solution follows the Poisson distribution.

This simulation is faithful to this assumption
(see Hachigian 1979, 1982).
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We describe how inoculation is performed at each
time point T when serial dilution is performed
prior to exposure. In STEP 5 a value for QU was
chosen, say q#0, and a dilution factor of 10.

In STEP 6 LAMBDA was chosen equal to, say A.

Then the N replicates at level QU=0 are inoc-
ulated with an average number of bacteria

equal to x. At QU=1, N additional replicates

are inoculated with an average of A/10 bacteria
and so forth until at QU=q, N replicates are

prepared with an average of A/qu bacteria per
replicate.

At each dilution level, QU, we generate uniformly
distributed random numbers U [J, QU], where

U [J, QU] is a uniformly distributed random num-
ber for the Jth replicate at dilution Tevel QU.
We compute ; U[J, QUT until for the first time

Jd=1
k+1 QU
m U[J, QUl<exp[-A/10%"]. Then, K(1,QU)=K is
J=1

the inoculum level put in the first replicate of
the dilution level QU. We proceed in this way to
inoculate each of the N tubes at the dilution Tevel
QU, where QU=0,1,2,...,9 and J=1,2,...,N.

STEP 7:
The bacteria are “exposed" to a bactericide for
time length T.

Cornell and Speckman [1967] have discussed a var-
iety of experimental situations in which the gov-
erning probability distribution for decay or des-
truction is the simple exponential model. Since
the exponential is a special case of the Weibull,
and it is a relatively easy matter to encode the
Weibull, we use it to allow for a wider use of the
simulation. If data generated by other governing
distributions is desired, their functional form
must be encoded in place of the Weibull. The
critical point here is that the use of any other
distribution, including the Weibull except for
A=1, must be justified on scientific grounds.

Destruction of bacteria at each time point T is
performed probabilistically using the Weibull in
the form

F(T) = 1 - exp[-BT"],

where A and B are entered in as initial conditions
when preparing to run the simulation. The choices
of values are at the discretion of the user.

We shall use the exponential distribution for des-
criptive purposes. Designate by (I,J3,K) the array
to be exposed, where I runs through the number of
dilutions 0,1,2,...,QU: J runs through the number
of replicates N3 and K runs through the number of
bacteria in each tube (I,J), that is, K = 1,2,3,
...,K(I,d). For example, at dilution level 1 the
first tube was inoculated with K(1,1) bacteria;

at the second dilution level, the third replicate
at the level will have K(2,3) bacteria, etc.

Generate R(0,1,1), a uniform random number in
(0,1). If R(0,1,1) < F(T) (the computed value
of the exponential at B for time point T), then
K(0,1) is diminished by one. Otherwise, i.e.,

if R(0,1,1) > F(T), the K(0,1) remains unchanged.
Now generate R(0,1,2). If R(0,1,2) < F(T), dim-



Computer Simulation of Bacterial Survival Data from a Complex Dilution Experiment

inish what remains of K(0,1,1) by one {dependent
upon what occurred in the previous step). Other-
wise, i.e., if R(0,1,2) > F(T), leave the result
from the previous step unchanged. Continue in
this fashion for K=1,2,...,K(0,1). This will
have exposed the first tube of the N replicates
at dilution level zero. Continue by moving to
the second replicate of the zeroceth dilution
level. Generate R(0,2,1) and compare it to F(T)
as before, reducing K(0,2) by one or leaving it
unchanged according to whether R(0,2,1) < F(T)
or R(0,2,1) > F(T), respectively. Repeat until
all bacteria in the second replicate of the un-
diluted (zeroeth) diTution level have been so
tested. This procedure is contained through

all N replicates at the zeroeth dilution level.

Now increment I from 0 to 1, that is, we now
"expose" each bacteria at the first Tevel of dil-
ution (if QU>0), sequencing through each of the

N replicates at this dilution Tevel.

Proceeding this way, each tube of the q x N array
is "exposed". At each dilution level I, each
replicate is now examined to determine if there
are remaining bacteria. The number of fertile
plates, FERT (I), divided by the number of rep-
Ticates is printed out as LIVE/N at time of
exposure T.

The description of bacterial destruction above
refers to the situation where an array is ex-
posed at each time point, that is, when serial
dilution was performed prior to exposure. In
the case where serial dilution prior to expos-
ure is not chosen, destruction is carried out
in each of the N replicates (now vectors) at
each time point. Two possible outputs result
depending upon whether Mather type data or Koch
and Tolley type data is desired.

In STEP 4, if serial dilution was chosen to be
performed after exposure, then the number of dil-
utions (DU) and the dilution factor (DF) are chosen
in STEP 5. If DU is chosen as zero, then Mather
type data resuits as output. If DU#0, then Koch
and Tolley type data results. DU and DF are used
to construct an array at each time point based on
the outcome of the exposure procedure at each time
point T. More specifically, at time T, the N rep-
licates each have a residual number of bacteria
(some replicates, of course, may have none at some
time points T). This residual number is used in the
serial dilution procedure as the original concen-
tration of bacteria (see discussion after STEP 5).
DU and DF replace QU and QF, respectively in the
dilution procedure as described after STEP 5.

So as to be consistent with the experimental
design analyzed by Koch and Tolley, each in-
oculated tube in the simulation can be allowed
to incubate at the option of the user. When
that option is chosen, each inoculated tube

is tested for growth after exposure. That is,
under the assumptions stated in the section
entitled MODEL, the probability that an in-
oculated tube is sterile (shows no growth
after incubation) is exp[-LAMBDA (DU,N)],
where LAMBDA (DU,N)) is the density after DU
dilutions with diTution factor DF for the N-th
replicate. Incubation is an option chosen as
an initial condition by the user.

Testing for sterility, incubation is performed
as follows: At each time point T, after expos-
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ure, we have N replicates which have, on average,
LAMBDA(O,N) surviving bacteria in each. Each
replicate is then serially diluted DU times

using djlution factor DF resulting in an array

w100 .. [
B00-- - ¢

Each tube in the array has LAMBDA (DU,N) remain-
ing bacteria. Growth in each tube is decided by
generating a uniform random number, say «. If
a<exp[-LAMBDA(DU,N)], the tube shows no growth
and the value contained in the array at that
(DU,N) is set to zero. The entire array is
tested this way for growth after incubation.

For each dilution level, DU, the number of fer-
tile tubes (i.e., those without zeros) divided
by N is printed as output for that time T.

STEP 8:

With all the initialized selection held fixed,
the "experiment" is repeated at T+AT, the next
time-Tength of "exposure®.

STEP 9:
The program stops.

The stopping procedure for the program in the case
that serial dilution was performed prior to "ex-
posure", will occur when the undituted replicates
(i.e., the first row in the array to be exposed)
are all sterile for a preselected number of times.
The number is chosen at the option of the user and
is the response entered into the computer when

the directive "ENTER THE NUMBER OF TERMINATION
ZEROS" appears on the screen during initialization
of the run.

In the other case, that is, when serial dilution
is performed on each of the N replicates at each
time point T after exposure, the program stops
when all N replicates are non-fertile at each of
a preselected number of time points as explained
above. However, in this case serial dilution can
be carried out only for those dilution Jevels, DU,
such that

LAYBDA_(DU-N) ,

DF

for al1 DU = 1,2,...,0U, and DF # 0. This condit-
ion assures that the output data of this simulation
is accurately generated by the computer.

The stopping procedures used above are the same as
those used in Hachigian [1979] and the reader is
referred to that paper for a discussion of the
reasons for choosing this method.
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SURVIVING CELLS:

EXAMPLE
1 2 3 4 5 [

The following examples demonstrate how the sim- - -
ulation is run using the APL program listed in o] ¢+ 0 0 0 0 0 1/6
the Appendix. 1] 0 0 0 0 0 0 o0/6

2l 0 0 0 0 O O 0/
Three examples follow. The first is a Koch and AVERAGE RESIDUAL COUNT: 0.1666666667 0 0
Tolley (KT) type experiment without incubation,
the second is a KT type experiment with incubation *x%x TIME = 3,50 #x%

while all other options are held constant, and the

third will be an experiment {call it H-type), where INITIAL CELLS:

serial dilution is performed before exposure and i 2 3 4% 5 &
without incubation. Note that in the KT-type ex-
periment the "Initial Cells" is a vector or rep-
licates at each time point and the “"Surviving Cells"
is an array (matrix), whereas in the H-type exper-
iment (Example 3) both after "Initial Cells" and
"Surviving Cells" an array appears.

0| 255 249 263 268 271 261
AVERAGE INOCULANT COUNT: 261.1666667

DESTROY PROBABILITY = 0.999996628

. . . SURVIVING CELLS:
The summary of the experiment is printed out after i 2 3 4% 5 6

the "experiment" is finished to allow for easy

viewing of the total results. To conduct a simul- 0l 0 0 0 0 0 o o/

ation after the program is entered into the com- 11 0o 0o o 0o o o o/

ﬁﬁter,hone uses the APL command )LOAD BIOSYM. 2l 0 0 0 0 o0 o o/6

en the computer responds with Clear WS, one types .

in RUN, followed by Carriage Return. He/she is Ehen AVERAGE RESIDUAL COUNT: 0 0 0

presented with the questions shown below. When they

are all answered, the computer conducts the simul- N LaMpa 7 LIVE/N

ation. 6 258 1.50 667 .000 .000

RUN 6 258 2.50 L1867 .000 .000
ENTER INITIAL TIME: 1.5 6 258 3.50 .000 .000 .000
ENTER LENGTH OF TIME INCREMENT: 1
DO YOU WANT EQUAL LOGARITHMIC SPACING? Y/N: N RUN
ENTER INITIAL TIME: 1.5

ENTER NUMBER OF REPLICATES: 6
DO YOU WANT T0 SERIALLY DILUTE BEFORE OR

AFTER EXPOSURE? (B/A): A

ENTER LENGITH OF TIME INCREMENT: 1
DO YOU WANT EQUAL LOGARITHMIC SPACING? Y/N: N
ENTER NUMBER OF REPLICATES: 6

ENTER NUMBER OF SERIAL DILUTIONS: 2
ENTER THE DESIRED DILUTION FACTOR: 5
ENTER AVERAGE SAMPLE SIZE: 258

ENTER wEIBULL PARAMETERS (A/B): 1/3.6

DO YOU WANT TO INCUBATE? Y/N: N

ENTER CONSECUTIVE VOIDS:

DO YOU WANT TO PRINT THE DETAILS? Y/N: Y
NUMBER OF REPEATS FOR THIS RUN:

*kk TIME = 1,50 *xk

INITIAL CELLS:
1 2 3 &% 5 6

0] 251 271 264 272 249 260
AVERAGE INOCULANT COUNT: 261.1666667

DESTROY PROBABILITY = 0.9954834191

SURVIVING CELLS:
1 2 3 4% 5 6

o} 0 5 0 1 1 3 u/6

1] 0o 0 o 0 0 0 0/6

2] 0o 0 o O O 0 0/6
AVERAGE RESIDUAL COUNT: 1.666666667 0 0
*xk DPIME = 2,50 %k

INITIAL CELLS:
1 2 3 4 5 6

0| 254 258 261 239 263 237
AVERAGE INOCULANT COUNT: 252

DESTROY PROBABILITY = 0.99987653802
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DO YOU WANT TO SERIALLY DILUTE BEFORE OR
AFTER EXPOSURE? (B/A): A
ENTER NUMBER OF SERIAL DILUTIONS: 2
ENTER THE DESIRED DILUTION FACTOR: 5
ENTER AVERAGE SAMPLE SIZE: 258
ENTER WEIBULL PARAMETERS (A/B): 1/3.6
DO YOU WANT TO INCUBATE? Y/N: Y
ENTER CONSECUTIVE VOIDS:
DO YOU WANT TO PRINT THE DETAILS? Y/N: Y
WUMBER OF REPEATS FOR THIS RUN:
*kx [IME = 1.50 sokk
INITIAL CELLS:
1 2 3 4 5 8

0] 254 247 258 242 250 243
AVERAGE INOCULANT COUNT: 250

DESTROY PROBABILITY = 0.9954834191

SURVIVING CELLS:
i 2 3 ¥ 5 6

0l 0 0 1 2 & 2 u/
1] 6 0o 0 0 0 0 0/6
2l 0 0 0 0 0 0 0/

AVERAGE RESIDUAL COUNT: 1.5 0 0

*kk TIME = 2.50 *k%

INITIAL CELLS:
2

0| 227 271 262 267 250 278
AVERAGE INOCULANT COUNT: 259.1666667
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DESTROY PROBABILITY = 0.9998765902
SURVIVING CELLS:
i 2 3 4 5 86

0] 0 0 0 0 o] o] 0/6
1] 0 0 0 0 0 0 0/6
2| 0 0 0 0 0 [¢] 0/6
AVERAGE RESIDUAL COUNT: 0 0 O
N LAMDA T  LIVE/N
6 258 1.50 .687 .000 .000
5 258 2.50 .000 .000 .000

RUN

ENTER INITIAL TIME: 1

ENTER LENGTH OF TIME INCREMENT: .5

DO YOU WANT EQUAL LOGARITHMIC SPACING? Y/N: Y

ENTER NUMBER OF REPLICATES: 17

DO YOU WANT TO SERIALLY DILUTE BEFORE OR
AFTER EXPOSURE? (B/A): B

ENTER NUMBER OF SERIAL DILUTIONS: 2

ENTER THE DESIRED DILUTION FACTOR: 7

ENTER AVERAGE SAMPLE SIZE: 1955

ENTER WEIBULL PARAMETERS (A/B): 1/2.9

DO YOU wANT TO INCUBATE? Y/N: N

ENTER CONSECUTIVE VOIDS:

DO YOU WAND? TO PRINT THE DETALLS? Y/N: Y

NUMBER OF REPEATS FOR THIS KRUN:

*%% TIME = 1.00 *%%
INITIAL CELLS:
1 2 3 4 5 6 7
0} 1883 1942 1928 1929 1863 1972 1879
1] 233 302 276 292 2u9 253 290
2| 29 52 3 35 28 38 35
AVERAGE INOCULANT COUNT: 1913.714286 271.571428€

DESTROY PROBABILITY = 0.9449767799

SURVIVING CELLS:
1 2 3 4 5 6 7
0l 108 110 111 113 108 131 127 7/7
1} 17 13 17 18 13 11 15  7/7
2] 0 7 2 2 1 3 2 6/7
AVERAGE RESIDUAL COUNT: 115.4285714 14.85714286

**x%x TIME = 1.65 *%x
INITIAL CELLS:
1 2 3 b 5 6 7
€} 1895 1977 2001 1947 1833 1956 1931
1] 272 283 307 287 280 274 276
2| 40 36 44 31 48 45 39
AVERAGE INOCULANT COUNT: 1948.571429 282.7142857

DESTROY PROBABILITY = 0.991614839

SURVIVING CELLS:
1 2 3 y 5 6 7
of 19 20 12 15 1§ 9 19 7/17
1] 4 0 2 1 i 0 1 5/7
2| 1 0 0 0 0 0 0o 1/7
AVERAGE RESIDUAL COUNT: 15.57142857 1.714285714
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*xk TIME =

INITIAL CELLS:
1 2 3 y 5 6 7

0] 1980 2000 1943 2050 1910 2007 1909

1l 300 287 258 315 278 291 271

2l %7 49 42 45 45 45 33
AVERAGE INOCULANT COUNT: 1971.285714 285.7142857
DESTROY PROBABILITY = 0.9996229065

SURVIVING CELLS:

0] 0 1 0 0 0 1 2 3/7
1] 0 0 0 0 0 0 0 0/7
0 0 0 0 0 0/7

2| 0 0
AVERAGE RESIDUAL COUNT: 0.5714285714% Q 0

*xkx TIME = 4,48 *kx
INITIAL CELLS:
1 2 3 4 5 6 7

0] 1928 1953 1970 1980 1906 1931 1886

1] 270 275 280 293 334 256 258

2 w1 37 42 55 45 37 37
AVERAGE INOCULANT COUNT: 1936,285714 282.2857143
DESTROY PROBABILITY = 0.9999977326

SURVIVING CELLS:

ol 0o o o o0 o 0o o o/7
i1 o0 o o o 0o ©o o0 o0/7
20 0 0 0 0 0 0 0 0/7
AVERAGE RESIDUAL COUNT: 0 © 0
N LAHDA T  LIVE/N
7 4955 1.00 1 000 1.000 .857
7 1955  1.65 1.000 .71k .143
7 1855  2.72 429  .000  .000
7 1355  4.48  ,000  .000  .000
DISCUSSION

A computer simulation of a commonly conducted
biological experiment has been described in
the algorithm above. The APL implementation
listed in the Appendix.

With the variety of options provided, the sim-
ulation should prove useful to microbiologists

in conducting their experiments, and to statist-
icians, whose interests are in devising methods
for analyzing data from such experimental sit-
uations. The primary purpose of the simulation,
therefore, is to provide a fast and relatively
inexpensive means of obtaining data for anal-
ysis by both user groups, each using the data for
their respective purposes.

In addition to simulating experiments as those
described by Cornell and Speckman [1967] a new
experimental design for these types of experi-
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ments ‘has been proposed and simulated. This
new design has the potential of providing much
more statistically valid information than those
designs described by Cornell and Speckman, or
Koch and Tolley.

The author wishes to acknowledge the efforts of
J.C. Lincoln, whose assistance was invaluable
in the preparation of the APL program listed in
the Appendix.

APPENDIX

*kk% BIOSYM *x%x* DISPLAYED

THERE ARE 16 FUNCTIONS IN THIS WORKSPACE:

BREED DESTROY DILUTE  GENERATE INCUBATE POISSON
RUN SETUP SUMMARY WRITE bl IBE
IL i JL 9

- s e o o - - 0 B 0 L b P P T 0

kxk%x BIOSYM #k*% DISPLAYED

V CELLS«N BREED LAMDA:EML;A:;I
ATS:
aDS: BREED SOME UNDESIRABLE CREATURES
CELLS+ 1 0 pI+l
BA:CELLS+CELLS,POISSON LAMDA
+(N2I«I+1)/B1
+(DIL#2)/B2
CELLS+(QU,QF) DILUTE CELLS
B2:CWID+2+1+71001.1[ [/ ,CELLS
ACWID IS STANDARD FORMAT VALUES
+NOPRINT/O
WRITE 'INITIAL CELLS:'
WRITE ! ' CWID¥A\"14pCELLS
WRILE(u+%1+CWID)pt -1
{141 WHITE(3 0 ¥(4,1)p 1+14+14pCELLS),'|' ,CWIDYCELLS
{151 WRITE 'AVERAGE INOCULANT COUNT: ',¥(+/CELLS)+N
v

(1]
[2]
[3l
(43
sl
£6l
£73
{83
(sl
{103
(141
[12]
{13]

V Z+DESCROY CELLS:PROB3;CURKENT;LN3R;COUNTI:d
alS:

aDS: DESTROY CELLS

ARA: CELLS ++ THE CELL MATRIX

a COMPUTE CURRENT DESTRUCTION PROBABILITY

PROB«1-%~BxTIME*4

+NOPRINT/B1 ,I+d+1

WRITE CR,'DESTROY PROBABILITY = ',(¥PR0B),.CR
B1:+(~*xCURRENT+COUNT+CELLS[I3J1) /B3

A TEST ONE

B2 : CURRENT«CURRENT-PROB2GENERATE 0

A MORE THIS CELL?

+(xCOUNT+COUNT-1) /B2

A UPDATE SUBCAN

CELLSLI;J1+CURRENT

B3:+((T14pCELLS) 2J«J+1) /Bl

+((14pCELLS)2I+I+1)/B1,J+1

+(DIL®3)/B4

CELLS+(QU,QF) DILUTE CELLS

Bl :+~NOPRINT/0 ,pZ+CELLS+INCUBATE CELLS

WRITE *SURVIVING CELLS:'

WRITE ' ' ,CWID¥1\ 14pCELLS
[22] WRITE(4+Nx14+CWID)p'=" -
[23] L+ (¥(R,1)p+/0%Z)," /', O 1 +¥((i«14pCELLS),1)p 14
oCELLS _
[24] WRITE(3 0 ¥(R,1)p 1+1R),'|" ,(CWIDYCELLS),' '," ',
N
{251 WRITE 'AVERAGE RESIDUAL COUNT: *,¥(+/CELLS)+ 1tp
CELLS

v

{1J
[2]
£3]
L4l
£s]
[6]
[71
{8l
{9l
[10]
[11]
[12]
£131]
[14]
[15]
[16]
{171
f181]
f19]
f201
£21]

V  RUN;TIME; KOUNT; REPCOUNT; ALLLIVE; ALLTIMES;
INSCOUNT
[1] aTS5:
[2] wDS: TOP LEVEL RUN PROGRAM
[3] sEeTUP
L8] REPCOUNT+O
51 BO:ALLTIMES«QpALLLIVE«(0,QU+1)pKOUNT+INSCOUNT«0
{61 +B22,TIME+TIMED
[7] B1:INSCOUNT«O
[8]1 a SKIP COUNTER
[9] B2:+L0G/B21
[10] -+B22,TIME<TIME+AT
[11] B21:TIME«(i[TIME)x*AT
[12] B22:ALLTIMES+ALLTIMES ,TIME
[13] WRITE CR,CR,'x%x TIME = % ,(T1042¥TIME)," k' CK
[14] B2A:CELLS+N BREED LAMDA
[15] CELLS+DESTROY CELLS
[16] ALLLIVE«ALLLIVE,[11+/0=CELLS
[17]1 +(MAXCOUNTSKOUNT+KOUNT+1)/B4
{181 a AUSTERITY CHECK
f18] +(~xaT)/0
[20] A IF AT=0 THEN ONE SHOT DEAL
[21] BS:+(x+/CELLS)/B1
{221 A SOME NON-STERILE?
(231 +(VOIDS2INSCOUNT«INSCOUNT+1)/B2
[24] A MORE TERMINAL SKIPS?.
[25] B3:SUMMARY
[26] '
£271]
[28]
{29]
[30]
[31]
£32]

A WHAT'S THE DAMAGE?
21 p' L
+(REPEATS>REPCOUNT«REPCOUNT+1) /BO

+0
Bu:'THAT''S *,(¥MAXCOUNT),* RUNS'

A DON'T SPEND TOO MUCH

[33]1 -+(~'TRY FOR MORE®* YN 'MORE®)/B3

[3u] +(~A/(4+PASS)=44'WHAT''S THE SECRET WORD' JJ
'SECRET")/B3 -
{351 KOUNT«O

(36] m RESET AUSTERITY COUNTER

{371 =85

v\7 CELLS+Q DILUTE IN;C;I;J;QF;QU;NLAMDA
aTS:
AaDS:
ART:

{13
(2]
{3l
£4]
5]
{6]
£73

DILUTE CURKENT CELLS .
CELLS ++ THE DILUTION MATRIX
aLA: Q ++ QU,QF  (WUMBER,FACTOR)
AkA: IN +> 1 ROW MATKRIX OF CELLS TO BE DILUTED
QU«14Q,0/QF+ 14Q
CELLS+((1+QU) ,C+ 14pIN)+IN
[8] I+J+i

{91 B1:+(2>NLAMDA«CELLSLI;J1+QF)/B2
[10] CBLLSLI+1;J)+POISSON NLAMDA

[11] B2:+(C2J«J+1)/B1

[12] +(QU2I+I+1)/B1,J+1

v

V RANDOM«GENERATE R
LVicH
aDS:

£13
£2]

1

£3]
[4]
[s]

GENERATE AN ARRAY OF RANDOM NUMBERS FROM 0 TO

aRT: RANDOM <+ THE RANDOM NUMBER

mRA: R +~ THE SHAPE OF THE ARRAY OF RANDOM NUMBERS
RANDOM+~(2Rp2147483647 )+2147483647

v

vV Z+«INCUBATE C
alS:
ADS:
aRT:

1]
[21]
£31

INCUBATE CELLS AFTER DESTROY, IF REQUESIED
2 +> RESULTING CELLS
[4] mKA: C <> INPUT CELLS
[5] aGR: INC
(61 -(~INC)/0Q,p2+C
L7] Z+Zx(GENERATEpC)>*-100LC
v

522
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*xk%x BIOSYM »x*x DISPLAYED

V Z+POISSON LAMDA;C:EML;I;LIM;LOG;PROD v I02+I05 II IOL;IDA;I0B;I0C
(1] aTS: [1]  +IJ/7,10Z+0
(2] aDS: GENERATE A RANDOM VARIATE HAVING POISSON WITH [23] lﬂ:(-g'IOT.'SL'[SIhl]).': ', 104w
MEAN RATE LAMDA {3]  IOBL(IOC+CL="14+I0B)/pIOB+,MI+' 1
[3] aRT: Z <> THE RANDOM VARIATE (4]  I0A~I0A.I0B
(4] aRA: LAMDA +> MEAN RATE (51 -Toc/3
(5] LOGL10@LAMDA+2+Z+I+0 (6] JI
[6] EMLex-LAMDA+LIM«10%*LOG [71 Exxpl'o;}-e-(')'=1+IOA)/IOA¢-(V\IOA:' ')/ 104+
[7] Bl:PROD+1+C+0 (~I0Ac'T>1) /10A -7 -
[8] B2:+(EMLSPROD«PRODXGENERATE\0) /B2 ,C+C+1 L8] +9+A/('XT=I04) ,1=pI0A
[s] "(LIM>I"I+1)/B]..Z"Z"’C‘1 [sl .,.2x0¢1’0+1‘024-.,_[0,4 -

v [10] 1] Swe~sW

v

vV SETUP
[1] aTs: . V Z«IJ;A
[2] aDS: REQUEST RUN PARAMETEKS FROM USER [11 -pzx_z:prJD
L3l VOIDS«V+W+LOG+QU+0x 4+QFe1 [2] -+3xZ+x pf,)—'M
Lu]  TIMEO+14'TIME' II 'ENTER INITIAL TIME' {31 I0A~(T1¥A«IIMIID)+IIM
[s1 AT«14'ATY II 'ENTER LENGTH OF TIME INCREMENT' £4] EM*A+E_M
61 +(~xaT)/B1 v
£73 LOG+'LOG* YN 'D0O YOU WANT EQUAL LOGARITHMIC SPACI

aG! v JI34
[8] Bi:m«14'N' II 'ENTER NUMBER OF REPLICATES' (1] ~2eeals
(8] B2:+(BY4,B3,B3,B2)(DIL+' BA'\14'BEF/AFT' JJ 'DO Y0U (2] IoMeCATO0AIID) $10A
)n:'gzvz' T0 SERIALLY DILUTE BEFORE OR AFTER EXPOSURE? (B/A (3] Toa(1edriion
£103 B3:(0=QU14'DILS' II ‘ENTER NUMBER OF SERIAL DILU v
TIONS')/Bu

113 QPe1[14'DILF' II 'ENTER THE DESIRED DIL c V I04+S JJ L;B;C
153' Qre1f II ULION FACT et

C12] Bu:LAMDA«1+'LAMDA' II 'ENTER AVERAGE SAMPLE SIzg' L[2] Belle(e'SL[SW+I1),%: *
[13]  4«(0=A)+4+1+'4/B' TI 'ENTER WEIBULL PARAMETERS (4 L31 C+(M+($B)iCR)+[

By (4 CL(M+Be(MAC)=CR,CL) /oCI+" *
[143  Be(0=B)+Be14'B' II 'ENTER WEIBULL “B" PARAMETER L5] IOAI0A,C
[15) INC«'INCUB' YN 'DO YOU WANT TO INCUBATE® 6] -+8-v/B
[16] A AT=0 IMPLIES ONE SHOT ONLY L73 +4,p0%,0
{17] +(~xaT)/B5 {8l JI o
[18] VOIDS+14'VOIDS' II 'ENTER CONSECUTIVE VOIDS (8] +B/I,SW+T|SW+BeA/(*X'=I0A),I=pI0A
(19] BS:NOPRINT+~'DETAIL' YN 'DO YOU WANT TO PRINT THE v
DETAILS'
L20] REPEATS«14'REPEATS' IL 'NUMBER OF REPEATS FOR THI THERE ARE 16 VARIABLES IN THIS WORKSPACE:
S RUN* = CR I M 0 SW T
v cL CR s IJD IaM IJx
MAXCOUNT BC M ST
V SUMMARY;A3MAT  emmmceemmmmemecsccmemmeem;ee e acmemm———————————
{11 ars:
(2] aDS: PRINT OUT A SUMMARY OF THIS RUN CR (LITERAL SCALAR] p=

[3) aGH: ALLLIVE,ALLTIMES,LAMDA,N
(4] A«pALLTIMES
(5] MAT«(4pV),(ApLAMDA) ,ALLTIMES,ALLLIVEsN

[6] WRITE 2 1 p' ! I [ BINARY SCALAR] p=
L7] WRITE ' N LanDA I LIVE/N' i
[8] WRITE(5 0 6 0 8 2 ,(2xqU+1)p B 3)¥MAT
v LINTEGER SCALAR] p=
"1
V WRITE R
[11 aTs: 9/1/81 LiNcOLN 0 [ BINARY SCALAR]) p=
£2] aDS: WRITE TO TERMINAL 0
£3] mRA: R <+ VARIABLE TO BE WRITTEN
[4] Oer SW [ BINARY SCALAR] p=
v 1
VZ«S YN L T [INTEGER SCALAR] p=
(1] 2e'Y'=I4(5,'2 ¥/N*) JJ L,'? Y/N' 2
v
cL [LITERAL SCALAR] p=
¥ IEE -
CR LLITERAL SCALAK] p=
-
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is [ BINARY SCALAK) p=
0
IJD [LITERAL VECTOR] p=1
/
IJM [LITERAL VECTOR] p=0
IJX {LITERAL VECTOR] p=3
=
MAXCOUNT [INTEGER SCALAR] p=
32
oo {LITERAL VECTOR] p=6
OkoVA[]
SM [INTEGER VECTOR] p=2
5 10
ST LINTEGER VECTORY p=3
125
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