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1 : : ; generating an adaptive partial report for an observer

with an apparatus comprising a display, a user inter-

face, and a processor. The apparatus can be a com-

puter system or an electronic device, for example. The

method includes the processor characterizing an iconic

memory decay function for the observer. The charac-

terization includes determining a prior for a plurality

of parameters. The method further includes the pro-

cessor determining a first stimulus for a first trial

based on the prior for the plurality of parameters, the

display generating the stimulus for viewing by the ob-

server, the user interface receiving input for the first

trial and in response to the stimulus, the processor re-

vising respective parameter values for the parameters

based on the received input, and the processor determ-

a ining a new stimulus for a next trial based on the re-
vised parameter values.
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METHOD OF GENERATING AN ADAPTIVE PARTIAL REPORT AND
APPARATUS FOR IMPLEMENTING THE SAME

BACKGROUND

[0001] The invention relates to an adaptive testing method of generating a partial report
such as for iconic memory. The invention also relates to an apparatus, such as an electronic

device or computer system, for implementing the adaptive partial report procedure.

[0002] It has been known that human memory is composed of three sub-storages: sensory
memory, short-term memory, and long-term memory. Sensory memory is the literal,
modality-specific neural representation of sensory stimuli in the human brain. Sensory inputs
from the environment are initially stored in sensory memory and processed in subsequent
stages of perception and cognition. The existence of sensory memory was first demonstrated
in the 1960s, in experiments in which three rows of letters were briefly displayed, and
observers were asked to report the identity of the letters in one of the rows cued with a high,

middle, or low frequency tone after a variable delay.

[0003] For example, Fig. la is an illustration of screen shots for a partial-report
procedure. After a brief presentation of stimulus (a 3x4 array of letters) followed by a blank
screen, the observer is given a sound cue. The observer is to report letters of the cued row in
the partial report condition. Item recognition in the partial-report condition was compared
with the whole-report condition, in which observers were asked to report all items from the
display. Fig. 1b provides exemplary results of a partial report experiment. The performance
difference between the partial report and whole report conditions is called the ‘partial report
superiority effect’. The effect demonstrates performance benefits from iconic memory. The
number of the estimated available items in sensory memory decreases rapidly with increasing

test delay in partial report and approaches the whole-report asymptote in about 200-300ms.

[0004] During the past half-century, sensory memory has been extensively studied and
has been widely accepted as a critical component in many theories on human information
processing. Recently, one of the inventors of this application compared, as part of a study,
iconic memory decay functions of young, old normal, and old observers with mild cognitive
impairment (MCI). The study found that iconic memory decayed much faster in the MCI
group than the others (Fig. 2). Fig. 2 is a graph representing a decay function of three groups

of observers or subjects. Because more than 80% of people with MCI develop Alzheimer’s
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disease in 10 years, this finding suggested that faster decay of iconic memory might be an

early sign of Alzheimer’s disease.

[0005] Conventionally, the method of constant stimuli (MCS) is used to measure the
memory decay function. Subjects’ (or observers’) responses at a number of pre-selected cue
delays are measured with about 100 trials per delay. An empirical memory decay function is
obtained by estimating the number of available items in sensory memory at each delay from
observers’ responses. Often a theoretical curve such as an exponential decay function is fit to
the empirical data to characterize the memory decay process. In a typical study, between 600
and 800 test trials (6-8 cue delays x 100 trials/delay) are necessary to obtain a good estimate
of the sensory memory decay function. It takes approximately one hour for normal young
observers but much longer for observers in special populations. The long testing time makes

it difficult or even impossible to carry out partial report experiments in special populations.

[0006] Many adaptive procedures have been developed to reduce the burden of data
collection in psychophysical experiments. Most development has focused on characterizing
psychometric functions, including various non-parametric procedures for estimating a single
threshold, and Bayesian adaptive procedures for estimating either a single threshold or the
threshold and slope of a psychometric function. Recent development in this area has
extended adaptive procedures to measure various psychological functions, including the
threshold versus contrast function, contrast sensitivity function, and sensitivity and bias
parameters in Yes-No tasks. In all these adaptive procedures, the stimulus in the next trial is

determined by the observer’s previous responses to improve the efficiency of the test.
SUMMARY

[0007] The invention alleviates the testing demand in the partial report procedure by
developing a new adaptive procedure for estimating sensory memory decay function with a

small number of trials, without sacrificing its accuracy and precision.

[0008] In one embodiment, the invention provides a method of generating an adaptive
partial report for an observer with an apparatus comprising a display, a user interface, and a
processor. The method includes the processor characterizing an iconic memory decay
function for the observer. The iconic memory decay function has a plurality of parameters.

The characterization includes determining a prior for the plurality of parameters. The method
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further includes the processor determining a first stimulus for a first trial based on the prior of
the parameters. The determined stimulus is expected to lead to an information gain for the
estimated iconic memory decay function. The method also includes the display generating
the stimulus for viewing by the observer, the user interface receiving input for the first trial
and in response to the stimulus, the processor revising a posterior distribution of the
parameters based on the received input, and the processor determining a new stimulus for a
next trial based on the revised posterior distribution. The determined new stimulus is
expected to lead to additional information gain for the estimated iconic memory decay
function. The method can also include the display generating the new stimulus for viewing
by the observer, the user interface receiving new input for the next trial and in response to the
stimulus, and the processor revising the posterior distribution of the parameters based on the

new input.

[0009] In another embodiment the invention provides an apparatus for generating an
adaptive partial report, such as for iconic memory. The apparatus can be an electronic device
or computer system. The apparatus includes a display, a user interface, a processor, and a
non-transitory medium comprising instructions. The processor can execute the instructions to

perform the method of generating the adaptive partial report for the observer.

[0010] Other aspects of the invention will become apparent by consideration of the

detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Fig. la is an illustration of screen shots for a partial-report procedure.

[0012] Fig. 1b is a graph providing exemplary results of a partial report experiment.
[0013] Fig. 2 is a graph representing a decay function of three groups of observers.

[0014] Fig. 3 is a graph representing parameterization of the iconic memory decay

function.

[0015] Fig. 4 is a block diagram illustrating components of a system for implementing

adaptive PR procedure.
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[0016] Fig. 5 is a block diagram illustrating a device for implementing adaptive PR

procedure.
[0017] Fig. 6 is a table providing parameters of three simulated observers
[0018] Fig. 7 is a graph representing a Bayesian credible interval.

[0019] Fig. 8 shows the accuracy and precision of the iconic memory decay functions

obtained with 25, 50, 100, and 200 adaptive PR trials.
[0020] Fig. 9 is a table providing accuracy and precision of adaptive PR simulations
[0021] Fig. 10 is tables providing number of trials reach various precisions.

[0022] Fig. 11 provides graphs comparing the precision of the adaptive PR and MCS

procedures for three observers.

[0023] Fig. 12 provides graphs of stimulus sampling for observer 1.

[0024] Fig. 13 is a graph representing information gain for simulated Observer 1.
[0025] Fig. 14 includes graphs representing effects of the prior for observer 1.

[0026] Fig. 15 is a graph representing effects of lapse in the first few trials.

[0027] Fig. 16 are graphs representing precision and test-retest reliability of observer 1.

[0028] Fig. 17 is graph providing a relationship between credible interval and test-retest
reliability (Simulated Observer 1).

[0029] Fig. 18 graphs representing results from the psychophysical experiment for three

observers.

[0030] Fig. 19 is a table providing accuracy and precision of adaptive PR in a

psychophysical experiment.

[0031] Fig. 20 is a graph representing a test—retest reliability for the two adaptive PR runs

in each session (after 200 trials).
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DETAILED DESCRIPTION

[0032] Before any implementations of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
following drawings. The invention is capable of other implementations and of being

practiced or of being carried out in various ways.

[0033] Also, it is to be understood that the phraseology and terminology used herein is
for the purpose of description and should not be regarded as limiting. The use of “including,”
“comprising” or “having” and variations thereof herein is meant to encompass the items
listed thereafter and equivalents thereof as well as additional items. The terms “mounted,”
“connected” and “coupled” are used broadly and encompass both direct and indirect
mounting, connecting and coupling. Further, “connected” and “coupled” are not restricted to
physical or mechanical connections or couplings, and can include electrical connections or
couplings, whether direct or indirect. The term “set” is used broadly to refer to one or more.
Also, electronic communications and notifications may be performed using other known

means including direct connections, wireless connections, etc.

[0034] It should also be noted that a plurality of hardware and software based devices, as
well as a plurality of different structural components may be utilized to implement the
invention. Furthermore, and as described in subsequent paragraphs, the specific
configurations illustrated in the drawings are intended to exemplify implementations of the

invention. Alternative configurations are possible.

[0035] An adaptive partial report (adaptive PR) method utilizing an adaptive partial
report procedure includes four steps in one implementation. First, the iconic memory decay
function is characterized with an exponential decay function with a broad prior distribution of
the parameters. Second, the stimulus for the next trial is selected as the one that would lead
to the most information gain on the estimated iconic memory decay function. Third,
following observer’s response, the posterior distribution of the parameters is updated using
Bayes rule. Finally, the second and third steps are repeated until a fixed number of trials or a
pre-set test precision is reached. The method substantially increases the efficiency of partial
report experiments by exploiting the regularity of the iconic memory decay function,

Bayesian update, and optimal stimulus selection.
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[0036] With regard to parameterization, one sensory memory decay function that has
been traditionally modeled is an exponential decay as shown in Fig. 3. Eq. 1 represents the

formula of Fig. 3
—SOA/t
pe(SOA) = ay+(a,—ay)e (eq. 1)

where pc(SOA) is the probability of making a correct response at cue delay time SOA (target
display and cue stimuli onset asynchrony), ay is the asymptotic performance level, often
associated with residual information in short-term memory after iconic memory decays
completely, a; is the performance level when SOA=0, and r is the time constant of memory
decay — the time it takes for human performance to drop to 37% of its initial level. Each set
of parameter values v = [ay, a;, 7] describes a complete memory decay function. The initial
distributions of the parameters are described by a prior probability density function. One
purpose in some embodiments of the adaptive PR procedure is to obtain accurate and precise
estimates of the three parameters as efficiently as possible through trial-by-trial update of

their posterior distribution.

[0037] In some implementations, the iconic memory decay function can be based on the
sensitivity index or d', a statistic used in signal detection theory that provides the separation
between the means of the signal and the noise distributions, compared against the standard
deviation of the noise distribution. The functional form can assume a different formula (e.g.,
power function) that has a general decaying characteristic. The functional form can also

incorporate subjective lapse, finger errors, etc.

[0038] For estimation through a Bayesian update, in some implementations of the
invention, the adaptive PR procedure estimates the three parameters of the iconic memory
decay function using Bayesian inference. That is, using Bayesian inference, the procedure
starts with the prior probability distribution and updates the probability distribution of the

parameters based on the observer’s responses.

[0039] In some implementations, the prior distribution of the parameters and the
sampling range and grid of the parameters can be informed by other characteristics of the
observer (e.g., demographic information), and/or posterior distribution(s) of the same

observer or other observers in previous study sessions.
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[0040] In the beginning of one adaptive PR procedure, the prior probability distribution,
D,o(V)., 18 defined as a three-dimensional joint probability distribution. The prior probability

space represents all possible iconic memory decay functions. After the /* trial, the prior

distribution, p,(¥) , can be updated to the posterior distribution, p,(v | r,) , with the

observer's response, 7;, by Bayes rule:

R (r./v)
t( lt)= pAt _
S o (9% p(r 19)]

xp,(V) (eq. 2)

The likelihood of observing a response (correct or incorrect) given the parameter set,

p,(r,1V), can be generated from the iconic memory decay function (Eq. 1). The posterior
p,(v I'r,) following trial ¢ serves as the prior p, (v) for the next trial. The best estimate of

the decay function can be the mean of resampled decay functions from the posterior

distribution.

[0041] Next, for the stimulus selection, the process can use a one-step ahead search for
minimum entropy. To select the stimulus for the next trial, the adaptive PR determines the
SOA, from equation 1, that would maximize the expected information gain about the
parameters of the iconic memory decay function. Here, information is quantified by entropy,
a measure of uncertainty associated with variable. For example, the search first predicts
observer’s response to every possible SOA in the next trial based on the current estimated
posterior. The process then computes the expected posterior distribution for each possible
SOA. The SOA with the minimum expected entropy is chosen for the next trial. This is
equivalent to maximizing the expected information gain, quantified as the entropy change

between the prior and posterior.

[0042] The one-step-ahead search for expected entropy over multiple parameters may
require intensive computations. Integration of modern computational algorithms, such as
Markov-Chain Monte Carlo sampling, into adaptive PR reduces computation time and makes
it possible to use the adaptive PR in real time experiments without delay between each
computation. MCMC methods are a class of algorithms that are based on sampling or
estimating the posterior distributions as a function of the multi-dimensional parameter and
multi-dimensional stimulus spaces. It is estimated that MCMC algorithms may reduce the

computational load by a factor of 100 or more.
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[0043] In some implementations, instead of maximizing the expected information gain
about the parameters of the iconic memory decay function, other utility functions that
maximize other objective functions (e.g., only the decay parameter, change of iconic memory
decay function due to disease progression or therapeutic response, or discrimination of
different groups of subjects) can also be implemented. Alternative objective functions for
optimization can also include minimizing the credible intervals of single partial report
parameters, minimizing the credible regions of the estimated partial report functions,
minimizing the uncertainty of class membership in patient discrimination, maximizing the
probability gain for the hypothesis of class membership, and maximizing the expected change

in Kullback-Leibler distance between the Bayesian prior and posterior.

[0044] In some implementations, the one-step-ahead search can be replaced with
multiple-steps-ahead search algorithms that maximize information gain over multiple trials.
The search can also incorporate considerations of other features of the test (e.g., total test

time) in determining the optimal test sequence.

[0045] With regard to the stopping rule, in one implementation of the process, the
adaptive PR is iterated for a fixed number of trials. Alternatively, the adaptive PR procedure
can stop after it achieves a certain level of precision for defined objectives (e.g., all the

parameters, credible interval of the decay function, or decay time constant).

[0046] Embodiments of the invention, described as an estimation procedure of iconic
memory decay function, can also be implemented as a procedure to classify patients based on
their performance and knowledge of different patient categories. In the case of
discrimination, it is not the partial report parameters that are estimated, but the probability
that the test subject is a member of a class defined by a prototypical partial report function

that can signify normal or impaired memory.

[0047] One exemplary system utilizing the invention is shown in Fig. 4. Fig 4 represents
a system 100 for implementing the adaptive PR procedure. The system 100 includes a
display 110 coupled to a user interface 120 and a computing system 130. An observer (or
subject, user, or patient) 140 can interact with the user interface 120 and/or display 110. The
system can include, for example, a personal computer or a mobile device such as a smart
phone or tablet computer and can have network connectivity for communication with other

computing systems or servers. The user interface 120 can integrate with the display 110, for
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example, as a touch screen display. High quality visual stimuli, with accurate control of
luminance/color, spatial pattern and layout, and display timing can be accommodated based
on display resolution and size. A constant viewing distance is achieved through the use of a
chinrest or other similar devices. The observer 120 can perform the adaptive PR procedure
using the system by, for example, viewing a letter array image (such as one shown in Fig.
1A) on the display 110. In one implementation, the observer provides feedback to the
interface 120, while the computing system 130 establishes the adaptive PR. The observer
140 can indicate or draw a response using the user interface 120. Identification can be done
by key press of recognized letters, and/or the observer can verbally respond for recognition
by verbal recognition software. It is also envisioned that the observer may provide feedback
through the assistance of a clinician proctoring the observer. The computing system 130 can
determine the one or more parameters from the result of the stimulus test and determine the
one or more second parameters using the statistical inference. An example system 100 is an
IBM PC compatible computer with a keyboard, running software for stimulus presentation, in
addition to scientific computing software that implements the adaptive PR algorithm. The
stimuli were displayed on a Dell 17-inch color CRT monitor, whose refresh rate was set at
100 Hz. Matlab programs can be written with Psychtoolbox extensions to be used to present
visual stimuli; the computer keyboard is used to collect observer responses; and the adaptive
PR algorithm is used to select stimulus conditions and estimate the sensory memory decay

function.

[0048] Alternatively, the system can take the form of a single device. Fig. 5 shows a
block diagram of one construction of the device 200. The device 200 includes a printed
circuit board (“PCB”) that is populated with a plurality of electrical and electronic
components that provide power, operational control, and protection to the device 200. With
reference to Fig. 5, the device 200 includes a processor 210. The processor 210 is a
controller for controlling the device 200. In one construction, the processor 210 is an
applications processor. More specifically, the applications processor has internal instruction
and data caches, multimedia capabilities, external memory interfacing, and interfacing
flexibility. Of course, other processing units, such as other microprocessors,

microcontrollers, digital signal processors, etc., can be used in place of the processor 210.

[0049] The device 200 includes memory, which can be internal to the processor 210 (e.g.,
memory 220), external to the processor 200 (e.g., RAM 230), or a combination of both.

9
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Exemplary memory include a read-only memory (“ROM™), a random access memory
(“RAM?”), an electrically erasable programmable read-only memory (“EEPROM”), a flash
memory, a hard disk, or another suitable magnetic, optical, physical, or electronic memory
device. The processor 210 executes software that is capable of being stored in the RAM
(e.g., during execution), the ROM (e.g., on a generally permanent basis), or another non-
transitory computer readable medium such as another memory or a disc. The device 200 also
includes input/output (“I/O”) systems that include routines for transferring information
between components within the processor 210 and other components of the device 200 or

external to the device 200.

[0050] Software included in the implementation of the device 200 is stored in the
memory 220 of the processor 210, RAM 230, ROM, or external to the device 200. The
software includes, for example, firmware, one or more applications, program data, one or
more program modules, and other executable instructions. The processor 210 is configured
to retrieve from memory and execute, among other things, instructions related to the control
processes and methods described below for the device 200. For example, the processor 210
is configured to execute instructions retrieved from the memory 220, RAM 230, and/or ROM

for providing an adaptive PR procedure.

[0051] One memory shown in Fig. 5 is RAM 230, which can be a double data rate
(DDR?2) synchronous dynamic random access memory (SDRAM) for storing data relating to
and captured during the operation of the device 200. In addition, a secure digital (SD) or
multimedia card (MMC) can be coupled to the device 200 for transferring data from the
device 200 to the memory card via slot 240. Of course, other types of data storage devices

can be used in place of the data storage devices shown in Fig. 5.

[0052] The device 200 can also include multiple bi-directional radio communication
capabilities. Specific wireless portions that can be included with the device 200 arc a WiFi
bi-direction radio communication portion 250 and a Bluetooth bi-direction radio
communication portion 260. The WiFi portion 250 and Bluetooth portion 260 include a WiFi
communication interface, a Bluetooth communication interface, an antenna switch, and a
related antenna all of which allows wireless communication following the WiFi Alliance

standard and Bluetooth Special Interest Group standard. Of course, other wired, wireless

10
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local area network (WLAN) standards, and wireless personal area networks (WPAN)

standards can be used with the device 200.

[0053] The device 200 can include multiple communication portions for wired
communication. Exemplary circuitry and ports for receiving a wired connector include a
portion and related port for supporting universal serial bus (USB) connectivity 265, including
a Type-A port and a Micro-B port; a portion and related port for supporting Joint Test Action
Group (JTAG) connectivity 270, and a portion and related port for supporting universal
asynchronous receiver/transmitter (UART) connectivity 280. Of course, other wired
communication standards and connectivity can be used with or in place of the types shown in

Fig. 5.

[0054] Another device connectable to the device 200, and therefore supported by the
device 200, is an external display. The connection to the external display can be made via a
micro High-Definition Multimedia Interface (HDMI) 290, which provides a compact
audio/video interface for transmitting uncompressed digital data to the external display. The
use of the HDMI connection 290 allows the device 200 to transmit video (and audio)
communication to an external display. Of course other connection schemes, such as DVI,

can be used with the device 200.

[0055] The device 200 includes a touch screen 1/O device 300 for providing a user
interface with the clinician. The touch screen display 300 can be a liquid crystal display
(LCD) having a resistive, capacitive, or similar touch-screen technology. It is envisioned that
multitouch capabilities can be used with the touch screen display 300 depending on the type
of technology used. Alternative means for providing input to the device 200 are envisioned,

including wired and wireless input devices.

[0056] The device 200 includes a camera 310 allowing the device to take pictures or
video. The resulting image files can be used to document a procedure or an aspect of the
procedure, such as viewing distance. Similarly, the device 200 includes an audio portion 370
having an audio codec circuit, audio power amplifier, and related speaker for providing audio

communication to the observer, such as the clinician or the patient.

11
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[0057] The device 200 further includes a power generation and management block 330.
The power block 330 has a power source (e.g., a lithium-ion battery) and a power supply for

providing multiple power voltages to the processor, LCD touch screen, and peripherals.

[0058] The device 200 can be a handheld computing tablet with touch screen capabilities.
The tablet is a portable personal computer with a touch screen, which is typically the primary
input device. However, an external keyboard or mouse can be attached to the device 200.
The tablet allows for mobile functionality not associated with even typical laptop personal
computers, which can be used in some embodiments of the invention. It is also envisioned
that the device 200 can be coupled with a remote server that implements aspects of the
invention discussed herein. For example, various processes discussed herein may be
performed interactively between the device 200 and the remote server and/or certain
processes, such as setting the most appropriate prior for a given observer, can be performed at

a later time after the procedure at the remote server.

[0059] To evaluate the performance of the adaptive PR procedure for observers with a
range of partial report functions, the inventors simulated three observers with distinct
parameter values that approximately corresponded to young, old normal, and old MCI groups
from the article titled “Fast decay of iconic memory in observers with mild cognitive
impairments”, published in Proceedings of the National Academy of Sciences of the United
States of America, 102(5), at pp. 1797-802. The parameters of the simulated observers are

summarized in Table 1 of Fig. 6.

[0060] The parameter space was based on results of previous iconic memory studies, with
ay from 0% to 50% (41 samples), a; from 50% to 100% (41 samples), and 7 from .01 to .08
sec (40 samples) in linear space. The sufficiently broad parameter space enables robust
assessments of various populations and avoids effects of extreme values — the tendency to
bias toward the center of the parameter space when the observer’s true parameter values are

close to the boundary of the space. The priors were set to a uniform distribution.

[0061] Potential testing conditions are defined by different possible SOAs, which were
sampled from 0 seconds to 3 seconds with 30 equally spaced samples on a logarithmic scale.
The range was broader than what is commonly used in partial report studies (0 - 1.5 sec).
Including test trials at long SOAs can allow improved estimates of the asymptotic level ayof

the iconic memory decay function.
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[0062] The inventors assumed that simulated observers were performing a 10-alternative
forced-choice (10AFC) letter identification task in a partial report procedure, in which each
letter can be any one of a set of 10 letters and observers must respond with one of the 10
letters in each trial. Each simulation consisted of 200 trials. In each trial, the expected
percent correct, pc, of the simulated observer was calculated for the selected SOA.
Observer’s response in each trial was simulated by sampling a random number » from a
uniform distribution. The response was labeled as correct if 7 < pc, and incorrect otherwise.

Simulation of each observer was repeated 1000 times.

[0063] Accuracy is a measure of how much the adaptive PR estimates deviate from the
true iconic memory decay function on average, and precision is a measure of the variability
of the adaptive PR estimates. A good procedure should rapidly increase the accuracy of the
estimated decay function as trial number increases and lead to an unbiased estimate. Bias can
be calculated by the mean discrepancy between the estimated and true iconic memory decay
function. The bias of estimated decay functions at 7-th trial can be calculated with Equation

3:
D2 (e —per)

k_J
JxK (eq. 3)

bias, =

where pc;.Z” is the estimated probability correct of k-th SOA obtained in the j-th simulation

and pc;™ is the true probability correct we simulated.

[0064] Precision is defined as the inverse of the variability of the estimates. As a
measurement of precision, one can compute the half width of the average credible interval of
the posterior distribution of the estimated iconic memory decay function. The credible
interval refers to the shortest interval that covers most of the distribution (see Fig. 7 for an
example). 95% credible interval represents a 95% probability that the actual value lies within
the range, whereas confidence interval, the most popular indices of precision, represents an
interval that contains the true value of the parameter for 95% of unlimited repetitions. Since
researchers typically do not iterate an experiment many times for the same observer, the
credible interval of posterior distribution is a good index of performance that can be obtained
with a single run of the experiment. Fig. 7 represents a Bayesian credible interval. Shaded

regions with dark-gray and light-gray represent 67% and 95% credible intervals of the
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probability distribution. A credible interval represents the shortest interval that covers a
particular percentage (e.g. 67% or 95%) of total area. In contrast to confidence interval, the
lower and upper bounds always have the same probability densities and the probability
densities within the credible interval are greater than those outside of the interval, in even

asymmetric distributions.

[0065] Fig. 8 shows the accuracy and precision of the iconic memory decay functions
obtained with 25, 50, 100, and 200 adaptive PR trials. Results of three observers are
presented in different columns. The true decay functions are plotted as dashed curves, and
the adaptive PR estimates are shown as black curves. Shaded areas represent 67% credible
interval of adaptive PR estimates. With increasing trial numbers, adaptive PR improves
accuracy (decreasing discrepancy between dashed and black curves) and precision
(decreasing shaded area). As trial number increases (50 - 200 trials), the discrepancy between
the true and estimated decay functions decreases. It takes less than 20 trials to recover the
general shape of the true decay function for simulated observer 1 and 2, but 80 trials for
observer 3 (|bias| <2.5%). This is because the decay time constant of observer 3 is near the
edge of the uniform prior used in the simulation. The shaded region represents the average
67% credible interval. It becomes smaller than 10% after 33 trials for all observers, and
afterward drops to below 7.5% after 80 trials and 5% after 200 trials. Bias and precision after
20, 50, 100, and 200 trials are summarized in Table 2 of Fig. 9. The results indicate that
adaptive PR rapidly estimates the true iconic memory decay function for all potential

populations with only a small number of trials.

[0066] To directly compare the efficiency of MCS and adaptive PR, one can compute the

expected standard deviation of MCS procedure as a function of test trials by:

pci(l_pcz’)
D
SDM =1 - : (eq. 4)

where pc; is the true percent correct at the i-th SOA, #; is the number of trials tested at the i-th
SOA. Here it is assumed that eight SOA were tested in the MCS method (I=8) so that the
number of tested trials is #; X8. A comparison between the standard deviation of the MCS
and the width of the average 67% credible interval of the adaptive PR procedure is presented

in Table 3 (Fig. 10) and Fig. 11. The comparison was made between the standard deviation
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of MCS (blue) and the half width of the average 67% credible interval in the adaptive PR
procedure (red). To reach a 7.5% precision, the MCS requires 240-270 trials, while the
adaptive PR only needs 40-80 trials. To reach a 5% precision, the MCS requires 540-620
trials, while the adaptive PR only needs 140-190 trials. In sum, the adaptive PR is 3-5 times
more efficient than the MCS. In terms of testing time, using the adaptive PR, an iconic
memory decay function can be estimated with reasonable accuracy and precision in less than
10 minutes, which is considerably faster than the one hour of testing time with the

conventional MCS.

[0067] Stimulus sampling by the adaptive PR procedure for observer 1 is presented in
Fig. 12. The relative frequency of tested trials is presented as a function of SOA, overlaid on
the true decay function. The size of the circles represents the proportion of tested trials in
trials 1-20, 21-50, 50-100, and 101-200 trials in each SOA condition over 300 simulations.
At the beginning, sampling is focused on the shortest (0 sec) and longest (3 sec) SOAs to
specify ap and a;. Then it spreads to small SOAs (0-.3 sec) and moved to the true 7 value (.3
sec). The size of the circles in each panel represents the proportion of tested trial as a
function of SOA in trials 1-20, 21-50, 51-100, and 101-200. In the first 20 trials, the adaptive
PR intensively tests the shortest and longest SOAs to characterize ay and a;, with only a few
trials on small SOAs (0-.3 sec). Then the stimulus sampling of adaptive PR spreads to small
SOAs and progressively moves to the range around the true ¢ value (.2-.4 sec). The method
does not frequently tested SOAs greater than .5 sec (except 3 sec) throughout the whole

experiment.

[0068] Fig. 13 shows the amount of information obtained by using adaptive stimulus
selection to test the optimal stimulus on each trial. The expected information gain is
presented as a function of trial number. It is evident that the adaptive PR maximizes
information gain so that the earlier trials provide much more information than later trials. In
simulations of observer 1, for instance, the information gain of the first trial is 5 times more

than the 100th trial, and 9 times more than the 200th trial.

[0069] In these simulations, the prior probability distribution was set to a uniform
distribution over each dimension of the parameter space. Alternatively, it is possible to use
prior knowledge to focus more narrowly on likely values of the parameters. Using a different

setting for the initial prior distribution would change the starting point of parameter
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estimation and make the estimation process even faster and more efficient. To illustrate the
effects of the prior, another set of simulation was conducted with five different prior settings:
(1) a uniform prior distribution, (2) a weakly informative proper prior, (3) a weakly
informative improper prior, (4) an informative proper prior, and (5) an informative improper
prior. Fig. 14 represents effects of the prior for observer 1. Figures in the left panel show
initial priors of the three parameters in the five different settings. The performance of the
adaptive PR is shown in the right panels. Fig. 14 shows that the adaptive PR with a weakly
informative priors — either proper or improper — has essentially the same performance as the
one with a uniform prior after 30 trials and that an informative proper prior can enhance the
performance of the procedure, but there is a risk of getting deteriorated accuracy when the
informative prior is improper. In practice, the prior for the adaptive PR procedure can be
informed by prior knowledge or pilot data, such as the representative parameter distribution

of a known population obtained before testing a particular individual of that population.

[0070] One common problem in Bayesian adaptive procedures is that they are often
vulnerable to mistakes (e.g., finger errors) made at the beginning of an experiment. Because
adaptive PR obtains much more information in earlier trials than later trials, mistakes in the
first few trials might cause inaccurate and imprecise estimation. To investigate the effect of
lapse, observer 1 was simulated with random responses in the first 1, 3, and 5 trials, that is,
the expected probability correct was at the chance performance level for all SOAs in the lapse
trials. Fig. 15 shows that a small number of lapse trials in the beginning of the experiment
does not have much impact on precision, but significantly slows down accurate estimation.
To reach a less than 2.5% bias, for example, 20, 30, 50, and 70 trials are required in the
simulation with lapse in the first 0, 1, 3, and 5 trials, respectively. However, adaptive PR
recovers from observer’s initial lapse and obtains sufficiently accurate estimation (bias <

1.0%) after 80-120 trials in all the simulated conditions.

[0071] Responses due to lapse can be identified by the experimenter/clinician or a
computer algorithm that simulates the experimenter. Such trials can be either repeated or
eliminated from the procedure. The computer algorithm monitors the observer’s response in
each trial. Based on known characteristics of the observer and the current estimate of the
observer’s expected performance level, the algorithm determines the likelihood that the

observer is in lapse and prescribes a remedy (e.g., a re-run of the trial condition).
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[0072] Different indices of precision in the simulated observer 1, the half width of
average 67% credible interval and standard deviation, have been compared. Fig. 16 shows
that both indices decreased with trial number. Both are starting at .16, but the credible
interval showed slightly faster convergence. As the credible interval becomes smaller, test-

retest reliability also increases.

[0073] The relationship between credible interval and test-retest reliability was also
investigated. Pearson correlation coefficient increased as trial number increased, and
achieved .9 at 200th trial. Fig. 17 provides a relationship between credible interval and test-
retest reliability (simulated observer 1). The half width of average credible interval is

negatively correlated with test-retest reliability.

[0074] In addition to the simulation study, the performance of adaptive PR method was
validated with a psychophysical experiment. The iconic decay functions estimated by 100
adaptive PR trials had good precision and excellent agreement with those obtained with 1600

MCS trials.

[0075] Three observers (FH, TC, and JB) participated in the experiment. All observers
were males between ages 34 and 44 years and had corrected-to-normal vision. They were

experienced in psychophysical studies.

[0076] The experiment was carried out on an IBM PC compatible computer, running
Psychtoolbox extensions (which can be found at http://psychtoolbox.org/, for example).. The
stimuli were displayed on a Dell 17-inch color CRT monitor, whose refresh rate was set at
100 Hz. Stimuli were viewed binocularly with natural pupil at a viewing distance of

approximately 85 cm in a dimly lighted room.

[0077] Eight adaptive PR and one MCS measures were collected for each observer in
four testing sessions. Each session consisted of 400 adaptive PR trials and 400 MCS trials:
two interleaved adaptive PR runs with 200 trials each, and 50 MCS trials at each of eight

SOA conditions. All trials were randomly mixed in each session.

[0078] A fixation cross was presented in the center of the display and remained until the
end of each trial. The stimulus display, containing ten letters, appeared for 20ms. The letters

were [HCH’ HDH’ HHH’ HKH’ HNH’ HOH’ HRH’ HSH’ HVH’ HZH]’ and equally Spaced, in a random
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order, on an imaginary circle with an eccentricity of 3.5° from the central fixation. Each
letter subtended a visual angle of 1.25°x1.25° and was drawn in capital Sloan optotype to
control perceptual legibility. The letters were followed by a central cue pointing to one of the
letters, with a selected SOA. For MCS trials, eight SOAs were used: the arrow cue was
presented 0, .03, .06, .14, .30, .65, 1.4, or 3 sec after the onset of the letter display. For
adaptive PR trials, the procedure selected SOAs among the 30 possible SOAs between 0 and
3 sec with log-linear spacing. The cue remained on until response. Observers were asked to
report the cued letter with a standard keyboard, and a beep followed each incorrect response.
An example of the trial sequence is illustrated in Fig. 1a. Each session took approximately

one hour, with a short break after every 200 trials.

[0079] Fig. 18 presents each observer’s decay functions measured with two methods:
eight adaptive PR estimates (lines) and MCS obtained with 1600 trials (circles). The data
from the MCS method was fitted using Eq. 1 with a maximum likelihood procedure. The
error region (shaded area) represents the mean width of 67% credible intervals from eight
adaptive PR runs. Each column presents data from a different observer, and each row
presents adaptive PR estimates obtained with different number of adaptive PR trials: 20, 50,
100, and 200. Agreement of the two methods and the precision of the adaptive PR estimate

with the corresponding number of trials are summarized in Table 4 (Fig. 19).

[0080] Fig. 18 shows that the iconic memory decay functions obtained with the two
methods overlapped with each other. Bias is evaluated by the root mean squared error
(RMSE) between the estimated percent correct from the adaptive PR procedure and the MCS
procedure at the eight SOAs common to both methods:

DD (et~ pey )?

RMSE ={[-2 L ¢ eq. 5
IxJxK—-1 (€. 3)

MCS

where pcg,fR and pcy, — are the estimated percent correct at i-th SOA of j-th run in -th

observer by the two methods. RMSE, starting with 14.9% at the first trial and reaching 4.9%
after 200 adaptive PR trials.

[0081] The precision of the adaptive PR procedure is illustrated by the credible interval

as a function of trial number in Fig. 18. For each observer, the average 67% credible interval
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for each SOA is obtained with 20, 50, 100 and 200 adaptive PR trials. Results clearly show
that the credible interval of the estimated iconic memory decay functions decreases with

increasing trial number (e.g., 3.9% after 200 adaptive PR trials).

[0082] Test-retest reliability is also assessed with analysis of the two adaptive PR runs in
cach session. Fig. 20 shows probability correct (at 8 SOAs x 4 sessions x 3 observers)
estimated from the second adaptive PR runs against those from the first runs. Pearson’s
correlation coefficient was 0.9582 after 200 trials (p <.001). The Pearson correlation

coefficient is .98, across all testing sessions.

[0083] Therefore, an adaptive partial report procedure was developed based on a
Bayesian adaptive framework to directly estimate the parameters of the sensory memory
decay function with greatly reduced testing times. In adaptive PR, estimates of the
parameters of the exponential decay function can be characterized by probability
distributions. Starting with a prior distribution of the parameters, the adaptive PR method
may select the most informative SOA, by evaluating the stimulus space to find the SOA
stimulus condition that would provide the maximum expected information gain or minimum
entropy. The methods can then update the probability distribution of the parameters based on
the observer’s response by Bayesian inference. The procedure is iterated until either the total
number of trials reaches a set value or the precision of the parameter estimates reaches a

certain criterion.

[0084] Compared to the conventional MCS procedure, the adaptive PR uses a much
broader range and finer resolution of stimulus sampling space. The adaptive PR estimates the
whole shape of iconic memory function with much less testing, since it concurrently
measures performances across all different SOAs and utilizes all available information
acquired during the experiment as well as prior knowledge about the mathematical form of

the iconic memory decay function.

[0085] Results from simulations and the psychophysical experiment showed that the
adaptive PR method requires only 100 trials of data collection to measure the sensory
memory decay function with reasonable accuracy and precision. Simulation studies suggest
that only 100 trials are necessary to reach a +2.5% accuracy and a 7.5% precision. The
method was also validated in a psychophysical experiment. Estimates of the sensory memory

decay function obtained with 100 adaptive PR trials showed good precision (the half width of
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average 67% credible interval = 5.1% pc) and excellent agreement with those obtained with
1600 trials using the conventional procedure (mean RMSE = 5.7% ). With the adaptive PR
procedure, reasonably precise estimates can be obtained in 5-10 mins, which is significantly

less than one hour required of conventional laboratory measurements.

[0086] The prior in the adaptive PR procedure can be informed by knowledge about the
parameters of the iconic memory decay function as a function of the task, stimulus or test
population. A proper informative prior can further speed up the estimation process. Often
researchers use a broadly spread bell-shape distribution centered on the most probable value
(e.g. Gaussian or hyperbolic secant distribution) to gain some benefit of prior knowledge but
at the same time avoid some of the risk from using an inadequate prior. Alternatively, the
prior could be a uniform distribution over the entire parameter space, when researchers do not
have much prior knowledge of the parameters of the iconic memory decay function. In our
psychophysical experiment, we used a uniform prior distribution for each adaptive PR
parameter. A weakly informative prior based on prior knowledge of the parameters would
make the measurement even more efficient, when a researcher wants to run an experiment

with a relatively homogeneous observer population.

[0087] The adaptive PR procedure, like most other adaptive procedures, is vulnerable to
lapses at the beginning of experiments, since the methods acquire much more information
than later trials. In addition, although ‘one-step ahead search’ - finding the ‘current best’
stimulus for the next trial - has been proved to be efficient in many adaptive procedures, the
greedy search algorithm is not necessarily the optimal strategy over the course of the whole
experiment. Efficiency and robustness of methods could be improved by adopting global

optimization or ‘multiple-step ahead strategy’.

[0088] The adaptive PR procedure herein assume a single functional form, but sometimes
there could be two or more competitive models that could describe data well (e.g.
exponential function vs. power function for the temporal property of memory decay). It
would be useful to combine selecting the best model among several different models with

estimating parameters of each model into a single procedure.

[0089] Hierarchical Bayesian modeling could provide even greater efficiency by better-

informed priors across sessions or observers based on statistical dependency of data.
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[0090] In one detailed method, before the procedure, define (1) a three dimensional (ay,
v
aj, T) parameter space, , that represents many possible empirical sensory memory decay
X
functions, (2) the one-dimensional stimulus search space, , over the possible levels of

p(v)
stimulus intensity, SOA, and (3) a prior probability density function t , that represents a

priori knowledge of the observer’s sensory memory decay functions. The partial report

function is modeled with exponential decay functions:

-x/T

p(correct,X1V)=a,+(a, -a,)e
. —- ;- —x/T (eq 6)
p(mcorrect,x/v)=1—[a0+(a1—ao)e ]

[0091] During the experiment, Bayesian inference is used to update the joint probability
density function, and its corresponding parameter estimates. The probability of a correct

response given stimulus is estimated by weighing empirical response rates by the prior:

p(correct | x) = E[p(correct,?c) X p(ﬁ)]
v (eq. 7)

[0092] The posterior probability distribution Pa(v) following a correct and an incorrect
response to each possible stimulus X in the next trial (trial ¢+1) is:

p(correct | X,V)

[pt(i)’) x p(correct | J?,i)’)] xp()

P.a(V1X,correct)= E

v

p(incorrect | X,v)

P,.(V | %, incorrect ) = E xp,(v)

[ .(V)x p(incorrect | ,7)]
v (eq. 8)

The posterior probability function is used as the prior probability function in the subsequent

trial.

[0093] To obtain the most information about the observer’s sensory memory decay
function, the method selects the stimulus that minimizes the expected entropy for the
posterior following the next trial. For each possible stimulus, the entropies of the simulated

posteriors following a correct and an incorrect response are calculated:

H,  (%,correct) = —E [ P.(V ] X,correct) xlog(p,,,(V | %,correct )]

H,,(X,incorrect) = —E [ P,1(V | X,incorrect)x log( p,,,(V | %,incorrect))]
v (eq. 9)
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[0094] The expected entropy after trial with stimulus X is then calculated by weighing
posterior entropies by response probabilities:

E[H, (X)]=H, (X correct)xp, (correct | x)+ H, (X, incorrect)x p,, (incorrect | X) (eq.

10)

[0095] In the next trial (trial t+1), the stimulus with the minimum expected entropy is
presented:

X, =argmgnE[H,+l(f)] (eq. 11)

[0096] The method terminates either when the total number of trials reaches a pre-
specified value (as implemented in this paper) or when the precision of the threshold estimate

reaches a pre-determined level.

[0097] Thus, the invention provides, among other things, an adaptive method that
efficiently provides estimates of the sensory memory decay function. Various features and

advantages of the invention are set forth in the following claims.
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CLAIMS

What is claimed is:

L. A method of generating an adaptive partial report (adaptive PR) for an observer with
an apparatus comprising a display, a user interface, and a processor, the method comprising

the processor characterizing an iconic memory decay function for the observer, the
iconic memory decay function having a plurality of parameters, the characterization including
determining a prior for the plurality of parameters;

the processor determining a first stimulus for a first trial based on the prior of the
parameters, the determined stimulus being expected to lead to an information gain for the
estimated iconic memory decay function;

the display generating the stimulus for viewing by the observer;

the user interface receiving input for the first trial and in response to the stimulus;

the processor revising a posterior distribution of the parameters based on the received
input;

the processor determining a new stimulus for a next trial based on the revised
posterior distribution, the determined new stimulus being expected to lead to additional
information gain for the estimated iconic memory decay function;

the display generating the new stimulus for viewing by the observer;

the user interface receiving new input for the next trial and in response to the
stimulus; and

the processor revising the posterior distribution of the parameter values for the

parameters based on the new input.

2. The method of claim 1, wherein the iconic memory decay function includes an
exponential decay function having a first parameter representative of performance at long
delays, a second parameter representative of performance at the simultaneous cue, and a third

parameter representative of a time constant for the decay.

3. The method of claim 2, wherein the initial parameter values provide a broad prior

distribution with the first, second, and third parameters.
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4. The method of claim 1, wherein the iconic memory decay function takes the form of
pc(SOA) =a, +(a,—a,)e "

where pc(SOA) is the probability of making a correct response at cue delay time SOA, ay is

the asymptotic performance level, a; is the performance level when SOA=0, and 7 is the time

constant of memory decay — the time it takes for performance to drop to 37% of its initial

level.

5. The method of claim 4, wherein the prior provides a broad distribution for the

parameters ay, a;, and 1.

6. The method of claim 1 wherein the processor revises the posterior distribution of the

parameters by Bayesian inference.

7. The method of claim 6 wherein the Bayesian inference follow Bayes rule

pr1v)
Y [p.0)xp(r; 7))

n(vin)= xp.(v)

where V= (ay, a;, T) represents parameters of the sensory memory decay function, p,(v)is
the prior probability density function of v, p,(r, / V) is the likelihood of observing a
response (correct or incorrect) given v, 7, is observer’s response in trial ¢, p, (v | r) is the

posterior distribution of v after the #-th trial.
8. The method of claim 1, further comprising repeating the steps of revising the posterior
distribution, determining a new stimulus, generating the new stimulus, receiving new input,

and the second revising posterior distribution of parameter values until a stop rule is reached.

9. The method of claim 1, wherein the stop rule is based on a level of precision for a

defined objective.

10.  The method of claim 9, wherein the defined objective includes a credible interval of

the decay function.
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11. The method of claim 9, wherein the defined objective includes a single decay time
constant.
12. The method of claim 1, wherein the revised posterior distribution of parameter values

maximizes the expected information gain of the iconic memory decay function.

13. The method of claim 12, determining a value for SOA to maximize the expected

information gain of the iconic memory decay function.

14. The method of claim 1, wherein the revised posterior distribution of parameter values
minimize at least one of credible intervals of single partial report parameters, credible regions
of the estimated partial report functions, and uncertainty of class membership in patient

discrimination.

15. The method of claim 1, wherein the revised posterior distribution of parameter values
maximize at least one of the probability gain for the hypothesis of class membership, and the

expected change in Kullback-Leibler distance between the Bayesian prior and posterior.

16.  The method of claim 1, wherein the prior of parameter values is determined based on

demographic information of the observer.

17. The method of claim 1, and further comprising the processor monitoring the expected

performance level of the new input to determine the likelihood that the observer is in lapse.

18. The method of claim 17, and further comprising the processor not revising the

posterior distribution of parameter values when the observer is in lapse.

19.  An apparatus for generating an adaptive partial report, the apparatus comprising:
a display;
a user interface
a processor; and
a non-transitory medium comprising instructions that when executed by the processor

cause the processor to
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characterize an iconic memory decay function for the observer, the iconic
memory decay function having a plurality of parameters, the characterization including
determining a prior of parameter values for the plurality of parameters,

determine a first stimulus for a first trial based on the prior of the parameters,
the determined stimulus being expected to lead to an information gain for the estimated
iconic memory decay function,

cause the display to generate the stimulus for viewing by the observer,

receive from the user interface input for the first trial and in response to the
stimulus,

revise posterior distribution of parameter values for the parameters based on
the received input,

determine a new stimulus for a next trial based on the revised parameter
values, the determined new stimulus being expected to lead to additional information gain
for the estimated iconic memory decay function,

cause the display to generate the new stimulus for viewing by the observer,

receive from the user interface new input for the next trial and in response to
the stimulus, and

revise the posterior distribution of parameter values for the parameters based

on the new input.

20. The apparatus of claim 19, wherein the non-transitory medium further comprises
instructions that when executed by the processor cause the processor to revise the posterior
distribution of the parameters by Bayesian inference, and wherein the Bayesian inference

follows Bayes rule

51y e p(r1v)
P S xp(n 19)]

xp,(v)

where V= (ay, a;, T) represents parameters of the sensory memory decay function, p,(V)is
the prior probability density function of v, p,(r, / V) is the likelihood of observing a
response (correct or incorrect) given v, 7, is observer’s response in trial ¢, p, (v | r) is the

posterior distribution of v after the #-th trial.
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21. The apparatus of claim 19, wherein the non-transitory medium further comprises
instructions that when executed by the processor cause the processor to repeat the acts of
revising posterior distribution of parameter values, determining a new stimulus, generating
the new stimulus, receiving new input, and the second revising posterior distribution of

parameter values until a stop rule is reached.

22. The apparatus of claim 19, wherein the revised posterior distribution of parameter
values maximizes the expected information gain of the iconic memory decay function,
wherein the non-transitory medium further comprises instructions that when executed by the
processor cause the processor to determine a value for SOA to maximize the expected

information gain of the iconic memory decay function.
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Table 1: Parameters of three simulated observers
Observer 1 Observer 2 Observer 3
ao .35 .25 .25
a .95 .85 .85
T(sec) 40 40 .10
Fig. 6
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Fig. 7
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Table 2: Accuracy and Precision of ¢PR Simulations. Average widths of 67% credible

intervals are given in parentheses (units: percent correct).

Observer 1 Observer 2 Observer 3
20 trials -2.6% 8% 7.4%
(9.6%) (10.3%) (11.1%)
50 trials 1% 1.7% 3.9%
(7.2%) (8.0%) (8.8%)
100 trials 9% 1.7% 2.0%
(5.7%) (6.3%) (6.8%)
200 trials 7% 1.1% 1.0%
(4.3%) (4.7%) (4.9%)
Fig. 9
Table 3: Number of trials required to reach a 7.5% precision.
Observer 1 Observer 2 Observer 3
MCS 240 272 272
gPR 44 64 78
Ratio 5.45 4.25 3.49
Number of trials required to reach a 5% precision
Observer 1 Observer 2 Observer 3
MCS 536 616 608
gPR 142 174 189
Ratio 3.77 3.54 3.22

Fig. 10
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Table 4: Accuracy and precision of PR in the psychophysical experiment (units: percent

correct)
.. Test-Retest
RMSE Precision (Coefficient)
20 trials 11.1% 9.5% .7814
50 trials 7.4% 6.8% .8920
100 trials 6.3% 5.1% .9301
200 trials 4.9% 3.9% .9582
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