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The present paper reports a method of successive
approximations. The technique is optimal for matching
stimuli with respect to time and all Ss are forced
to use the same strategy. The S's answer to the question
of which is more intense, a reference or a matching
stimulus, initiates a new matching stimulus according to
an algorithm that bisects intervals up or down in
successive trials and gives a new matching stimulus to
judge. A circuitry that governs the method of successive
approximations is reported. The method is exemplified
by an experimental set-up for odor intensity matching.

The need for the development of a convenient
procedure that allows Ss to match sensory magnitudes of
various kinds has long been evident in psychophysical
research. Standard instrumentation and methods are
available. but matching experiments in the areas of
vision and audition are time consuming: in the study of
olfaction, the problem is more pronounced. For
example, Lindvall and Svensson (1973) found that a
simple continuous adjuster used for monitoring the
matching continuum was inefficient. Apparently the Ss
used various strategies: Some Ss attempted to be
extremely precise (it took a long time for them to find
the best matching stimulus): others signaled the best
match after a few trials.

In order to obtain more reliable data, we attempted to
develop a method in which the strategy was the same for
all Ss and the time for making a match was minimized.
The best solution to the problem seemed to be a
forced-choice method combined with a strategy of
binary successive approximations of the matching
stimulus to the reference. The principle is as follows:
The S's answer to the question of which is more intense.
a reference or a matching stimulus, initiates a new
matching stimulus according to an algorithm that bisects
intervals up or down in successive trials and provides a
new matching stimulus to judge. The method is optimal
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with respect to time and, in addition, the same strategy
is forced on all Ss.

In this report, a matching method of successive
approximations and its instrumentation will be described
and exemplified by an experiment for odor intensity
matching. Of course, the method can be used for other
sensory continua, and the circuitry described can easily
be modified for other applications.

The development of the method of successive
approximations can be traced to the discoverer of
logarithms, John Napier (1550-1617), who also had
profound insight into the usefulness of the binary
number system. Napier pointed out that any number of
pounds can be weighted by placing one or more of the
we iah t s i l . .., 4. 8 lb. and so on-on the
counterbalancing scale (e.g.. Turnbull, 1956). A similar
measurement approach was used by Baird and Vernon
(1965) in a bisection experiment: The position of a
point on a line segment was determined by having a
person state "one" when the stimulus point appeared in
the right half of the line and "zero" when in the left
half. After the S's response was given, the half that
appeared to contain the point was bisected, thus yielding
the second digit of the sequence. The procedure
continued until no more binary decisions could be made.
The rationale for the present method, as well as those
described above. arises from the fact that the
information content of a class of stimuli can be
characterized by labeling all possible members of the
class with binary numbers (cf. Attneave, 1959.).

A MATCHING METHOD OF
SUCCESSIVE APPROXIMAnONS

The Procedure for the Subject
The S is seated in front of two displays. On one of the

displays a reference stimulus is presented; on the other, a
matching stimulus. Signal lamps (or auditory signals) on
the displays indicate the beginning and the end of a
presentation. The S is instructed to turn to one of the
displays for a short perception of the stimulus and then
to turn immediately to the other display for another
perception of that stimulus. (The lights on the displays
are on for a time period sufficient for the task.) Then
the S makes a forced-choice judgment. Between
presentations. the S must wait a certain amount of time
until the lamps on the displays signal stable stimuli. The
intertrial interval time is also necessary for the S to
adapt to neutral conditions.

The S is given two stimuli. a reference and a matching
stimulus. The S must give one of three answers in a
forced-choice task: (1) The reference stimulus is the
more intense. (2) The reference and matching stimulus
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three columns of the table). two trials give two possible
sequences, and one trial provides one possible solution
(i.e .. the matching stimulus number 8).

cs

SJ

II.

The Algorithm
For the general case where the number of matching

stimuli is 2n - 1 and n is a natural number decided in
advance. the strategy is the same as in the example given
above. The general case is shown in Fig. 1.

In the figure, S, stands for the reference and Sm for
the matching stimulus. The number of binary choices is
n, and i is a counting variable. The successive
approximation method described in Fig. 1 is divided into
four parts, with two parts for the S's judgment (51), one
for the selection of new stimuli-the control strategy
(CS), and one for the result (R). The first choice is
i =n - 2. Depending on the judgment in a trial, the
matching stimulus (Sm) in the following trial will be set
to Sm: =Sm ± 2i , where the plus sign is valid if the
response was that the reference stimulus is perceived as
more intense than the matching stimulus (S,.> 5m) and

Fig. 1. Strategy of successive approximations from binary
choices. [SJ =S's judgment: CS =control strategy: R =result:
Sm = matching stimulus: Sr = reference stimulus: i = counting
variable; n = natural number defining the total number of
intervals to be 2n and number of matching stimuli Sm to be
2n - I. The number of effective (bounded) intervals is 2n - 2.J

Table 1
List of the Response Sequences for the Case in Which

the Number of Matching Stimuli is IS

Trial
2 3 4

8 12 14 15
8 12 14 13
8 12 10 11
8 12 10 9
8 4 6 7
8 4 6 5
8 4 2 3
8 4 2 1

The Procedure for the Experimenter
For purposes of illustration, a strategy will be

described for the case in which E wishes to determine
the best matching stimulus of 15 possible:

(a) Of the 15 stimuli arranged in rank order, the E
first presents Stimulus 8 (the middle stimulus) as a
potential match.

(b) The S makes a decision, choosing one of the three
response alternatives noted above. If he chooses the first
alternative (the reference stimulus is the more intense),
Stimulus 12 will be presented; if he chooses the third
(the matching stimulus is more intense), Stimulus 4 will
be shown. The E adds or subtracts 4 on this trial,
depending on the S's response.

(c) On the second trial, 2 is added to or subtracted
from the result on Trial 1. Now four outcomes are
possible for Trial 3: 14,10,6, and 2.

(d) On Trial 3, 1 is added to or subtracted from the
result on Trial 2. The outcomes possible for Trial 4 are
15, 13, 11, 9, 7, 5, 3, and 1.

(e) After the judgment on the fourth trial, no more
stimuli are presented. The result is given as more or less
than any odd number. This means that the matching
stimulus is in an interval (N - 1, N) or (N, N + I), where
N is the outcome on Trial 3.

If the S chooses Response Alternative 2 (stimuli are
equal), the E merely notes the result, i.e., the best
matching stimulus is in the interval (N - ~, N + ~).

In the example presented, the total number of
possible response sequences is 15. A list of the possible
response combinations is presented in Table I. If the S
goes through all four trials, the number of possible
response sequences is eight, as listed in the table. If he
goes through three trials, the number of response
sequences is reduced to four (every other row in the first

are equally intense (or the S cannot discriminate
between the intensities of the two stimuli). (3) The
matching stimulus is the more intense.

At any point, if the S signals Answer 2, a match is
obtained and the procedure terminates. If the S signals
Answer 1 or 3, no match is obtained and the procedure
continues. The S's answer is signaled to the E, who
either accepts Answer J or provides a new matching
stimulus according to a preset algorithm.
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in the opposite case (Sm > Sr) the minus sign is valid.
The algorithm counts down to i = O. The first matching
stimulus presented is Sm =2n - 1 .

Referring to the example above. the number of binary
choices (n) is 4. TIle number of matching stimuli is 15
( = 2n - I) and the first matching stimulus presented is
8 (= 2n - 1 ) . The counting variable (i) starts at 2
( = n - 2). In the second trial. i = I: in the third trial.
i = O. In the fourth trial no more stimuli are presented
(see Fig. I). When i = O. depending on the answer from
the 5, the result is registered as the interval (Sm -- I.
Sm) or (Sm' Sm + I). where Sm is the outcome for the
matching stimuli in Trial J. This means that a stimulus
to match a certain reference stimulus can be found
within the interval. From Fig. I it can also be seen that.
whenever a match is obtained in a trial. the result is
given as the interval (Sm - 12. Sm + 12). where Sm is the
outcome for the matching stimuli in the preceding trial.

AN EXPERIMENTAL SET·UPFOR
ODOR INTENSITY MATCHING

Olfactory Laboratory
The olfactory laboratory is constructed as a mobile

unit to be used primarily in sensory evaluation of
odorous air pollutants. The basic principles of the
olfactometer is that it uses a well-defined dynamic flow
of gas which permits stable exposure concentrations.
rapid changes in concentration. and fairly natural
respiratory conditions. as illustrated in Lindvall (1970).
The laboratory contains a ventilated and air-conditioned
test chamber in which two Teflon-coated exposure
hoods have been installed. The odorant gas is mixed with
purified air in fixed dilutions and added to the flow of
air into the hoods by means of electromagnetically
operated steel and Teflon cannulae of varying bore. The
laboratory has a special waiting room for the Ss. with
ventilation comparable to the actual test procedure in
order to provide optimal adaptation to the experimental
situation. By using suitable filter equipment (active
charcoal filters and particle filters), it has been possible
to carry out evaluations in an odor-free environment.
Each of the odor hoods receives a continuous now uf
l Ofl liters of purified air per minute. corresponding t o a
rate of approximately 0 1 m/sec.

Control System for Stimulus Selection
and Registration

A control system has been developed that is
programmed to perform the experimental selections and
registration. It is connected to the olfactometer. as
shown schematically in Fig. 2. The horizontal line
dotted in the drawing divides the system into an upper
and lower part: the upper part is situated in the test
chamber (T) and the lower pan in the E's laboratory
(L). Purified air enters the system in the laboratory. and
mixed air and odorant leave the system in the test
chamber. The reference and matching odorants are fed
into the system in the laboratory at (r) and (Ill).
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Fig. 2. Olfactometer connected to a control system of
successive approximations from binary choices, [T = test
chamber: L =laboratory: r =reference system: m =matching
system: a =logic unit: b =relay unit: c =response panel.]

respectively. In the following. the symbol r always
stands for the reference svstem and the symbol m for
the marching svstem (cf. Fig. 2).

The control system consists of three major parts: a
logical unit. a relay unit. and a response panel. In Fig. 2
these are represented by the letters a, b. and c.
respectively. The relay unit governs 15
electromagnetically operated valves (m' ) connected to
15 cannulae of varymg bores (m") leading to a matching
hood (rn' ). With a switch (aI) on the panel. six different
reference stimuli can be selected. This switch is
connected to another set of relavs governing a batrerv of
electromagnetically operated val~'es~(rl ) co;nected t~ SLX

cannulae uf differ inz bores (r2
) leading to a reference

11l10d (r:' ). ~ ~

The result of a match to a specific reference stimulus
is given by a set of seven lamps (a2

) mounted on the
panel of the logical unit. the four upper lamps giving a
number (\) in binary digits. If the left of the lower three
lamps is on. it means that the best matching stimulus is
of a concentration within an interval between those
given from cannulae \ I and \. If the right lamp is
OIl. the best matching stimulus is within an interval (\.
\ + 1) The Limp in the middle indicates tlw the final
result is the interval (\ ;:. \ + 12)
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Fig. 3. Circuit governing the strategy of successiveapproximations from binary choices.

Lamps are also mounted in the outer two of the three
buttons on the response panel. With a switch (a3

) on the
panel of the counting unit, the E can signal the hood
from which the S should start on a trial. Two timers are
incorporated into the system, one for the choice of trial
interval time (a") and one for intertrial interval time
(as). The last timer is connected to lamps in the odor
hoods (r4

, m"), which are lighted during the trial
interval time. These selectors are mounted on the panel
of the logical unit.

Electronics of the Control System
Operation

The circuitry and its operation is described according
to Fig. 3. The logic unit operates when the E pushes the
start button. The multivibrator MVST then initiates the
following events:

(1) A negative pulse (0.1 msec duration) that clears
the flip-flops FFI and FF2, resets the decade counters
Dl, D2, D3, resets the flip-flop FFE, and loads Start
Number 8 into the up-and-down counter (UID-C). The
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counter LJID-C drives. by means of the -+ to 16 decoder
(DEC) and the relays (R). I5 electromagnetically
operated valves.

(2) A positive pulse (0.1 msec duration) that resets
the decade counter 04. The flip-flop FFI, when cleared.
opens the gate system and the binary number AI-DJ
goes to the "B side" of the comparator CaMP. The time
period TI is set by Switch 51 (a5 in Fig. 2). Number
AI-DJ is the desired number of seconds for the T1
period. Time period 12 is set by Switch S2 (Binary
Number A2-D2, a" in Fig. 2). The flip-flop FF2 opens
the clock gate C, and pulses of 100 Hz go into the
decade counters (D1, D2, D3).

At every second, the output of the D3 increases by
one. When the output of the D3 (the "A side" of the
comparator CaMP) becomes as large as Binary Number
AIDI (the "B side"), CaMP changes the level" of its
"A = B" output. which causes the multivibrator MVCAR
to start. The MVCAR then gives the pulse which resets
Decade Counters DI-D3 and changes the state of the
flip-flop FFI. Green lamps in the odor hoods are turned
on and Binary Number A2-D2 goes into the "B side" of
the comparator CaMP. The '"A side" is now zero.
Because the "B side" is not equal to zero and Clock Gate
C is still open (FF2's state is unchanged). the decade
counters count the new time period T2. When T2 time is
exhausted. FFI changes state again and (a) causes FF2
to change state (Clock Gate C is closed now), (b) causes
the green lamps to turn off. and (e) causes 04 to change
output from 0000 to 0001. The apparatus is now in a
"waiting" mode. waiting for the S to press one of the
three buttons: up, equal, or down. (Xote that the
response can pass because of the new state of the
flip-flop FF2.)

Case Equal
The S presses the equal button on the response panel

(c in Fig. 2). Flip-Hop FFE remembers that by changing
state. The lamp called equal and an acoustic signal are
turned on to inform the [ that the experiment is
terminated. and the apparatus closes all valves.

Case DOWI1

The S presses the down button on the response panel
(c in Fig. 2). causing the multivibrator MVA to provide a
60-msec negative pulse. At the same time. multivibrator
~1VC starts and a Oi l-msec pulse changes the state of the
flip-Hop FFC. The clock pulses (100 Hz) now go into
the multivibrator \IVP and then to the up-and-down
counter (vID-C) and Counter D5.

The gate system connected to Counters 04 and D5
provides a signal when the multivibrator MVP sends a
preselected number of pulses: On Trial I it sends four
pulses, on Trial 2 two pulses. and on Trial 3 one pulse.

The pulses from the multivibrator MVP were counted
down from the start value in the up-and-down counter
(UID-C). The direction of the counting depended upon
the state of the flip-flop FFlilD that is set by the S. It
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was assumed here that the S answered only if the button
was depressed for more than 0.1 msec. If this
assumption is changed. the circuit could be easily
modified accordingly.

After 60 msec. the output of the multivibrator MVA
reaches its upper limit and the multivibrator MVB sends
a O.I-msec negative pulse to Start Gate S and begins a
new trial, a new II period, etc.

Case Up
In this case. where the S presses the up button on the

response panel (c in Fig. 2). the response causes the
up-and-down counter (U/D-C) to count up because of
the state of the flip-flop FFU!D.

The logic unit holds the answer after the fourth trial
by means of the flip-flops FFD and FFU. Lamps
corresponding to these will be in the "on" state and an
audio signal will be presented.

Note that the answer equal will be remembered by
Flip-flop FFE after anyone of the trials and will
terminate the experiment.

ADVANTAGES AND LIMITAnONS
OF THE METHOD

Although an example has been given from an
olfactory laboratory, it is important to note that the
method of successive approximations is independent of
the sensory modality studied. The instrumentation
described can. of course. be modified for other
modalities. Of course, the electronic circuitry can be
changed to suit the researcher's needs. Weconstructed a
stable piece of apparatus for use in field studies that can
withstand careless handling,

With n binary forced-choice decisions, the strategy is
optimal for finding one interval out of 2n possible.
However, the effective range will in fact be 2n - 2
intervals. If the stimuli are regarded as boundaries for
the 2n intervals (the first interval is open at its lower end
and the last interval is open at its upper end), then
2n -- ~ effective intervals for measurement remain. This
means that the entire scale is limited by the first and last
stimulus and must contain the reference stimulus. It can
be safely fulfilled, in general, through allowing the whole
scale to shift. which, in olfactory studies in particular. is
accomplished by changing the pressure in the matching
system of the olfactometer. Although a necessary
criterion for measurement is that the stimuli on the
matching scale are rank ordered. the measurement uses
an interval scale only if the subjective steps between
successive stimuli are equal or the number of rank
ordered stimuli on a given total length of the scale is
infinite.

The method of successive approximations has the
same limitation as the classical method of adjustments or
the method of constant stimuli: the E has to choose the
range of the matching continuum so that the reference
stimulus can be found within the range. The great
advantage of the method is that it is less time consuming
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because a muumurn number of trials is used. As a
consequence. the method allows E to collect a large
number of replications from a single S: also, E can adjust
the series of matching stimuli if the data resulting from a
first series show that this is necessary. In fact, the
method can be used in successive experimental steps so
that a very high precision in measurement is obtained.
For example. from a first series of matching stimuli E
can obtain an interval within which the reference
stimulus is located: from a second series of matching
stimuli selected within this interval, the reference
stimulus is further encircled, and so on.

The judgment task is plain and simple even for naive
Ss, and the strategy is the same for all Ss. Cognitive,
motivational, and learning factors are made lessvariable
and will probably have smaller distortion effects on the
perceptual function studied.

Thus far, two pieces have been built and adapted to
olfactometers for use in the field (e.g., Berglund,
Berglund, & Lindvall, 1973). Often the Ss have been
people living in the geographic areas, most of whom have
had no previous experience with psychophysical
experiments. The technique has been used also to
validate the equal-sensation function and to study it
more in detail.l? The method results in less variability
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and may contribute to the development of measurement
models in environmental psychology.
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