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Visual working memory (VWM) is an essential aspect of cognitive functioning that becomes
compromised in older adults. A canonical probe of VWM is the change detection task in which
participants compare a visually presented stimulus with items being maintained in VWM. Older
adults show a decreased ability to detect changes between a stimulus and the contents of VWM
compared with younger adults. Previously, we used a dynamic neural field (DNF) model to explore
changes in neural connectivity that can explain this pattern of decline in performance. These
simulations suggest that older adults have cortical interactions that are more diffuse compared to
younger adults. In the current article, we examined the precision of representations in VWM using
the delayed-estimation task. Participants are first presented with a memory array. After a delay, a
location is cued, and participants click on a color wheel to indicate which color was at that location.
The model predicted that older adults should show increased guessing rates and decreased precision
(defined as the variability of color responses around the target location) relative to younger adults.
The model also predicted that presenting the nontarget items during test should improve the
precision of responses for older adults but not for younger adults. Results from two experiments
supported these predictions of the model. These findings further advance an emerging theory of the
neurocognitive decline of VWM and illustrate how older adults’ VWM representations are influenced by the context in which information is being recalled.
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Vogel, 2013). In general, VWM is capacity-limited, that is, only
a portion of the visual information is encoded into memory at a
given time. VWM is essential during tasks which require keeping track of and updating of visual information, such as driving
a car or completing a visual search. VWM peaks around age 20
and then declines steadily with advanced age (Brockmole &
Logie, 2013). Further, performance in VWM tasks is strongly
correlated with fluid intelligence (Fukuda, Vogel, Mayr, &
Awh, 2010) as well as general cognitive abilities (M. K. Johnson et al., 2013), both of which have been shown to be compromised in older adults (Salthouse, 2010; Wecker, Kramer,
Wisniewski, Delis, & Kaplan, 2000). Given its role in everyday
life and general well-being, it is important to determine the
mechanisms for why aging affects VWM.

Aging negatively affects many cognitive abilities, such as
perception (e.g., Kline & Scialfa, 1997), attention (e.g., Zanto
& Gazzaley, 2014), and executive function (e.g., Salthouse,
Atkinson, & Berish, 2003). One of the most extensively studied
areas for age-related cognitive decline is working memory
(Park & Payer, 2006). Visual working memory (VWM) refers
to a subset of the working memory system which allows shortterm storage of visual information (for a review, see Luck &
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Measuring the Capacity of Visual Working Memory
Traditionally, VWM capacity has been assessed with the
change-detection task in which participants are presented with an
array of visual stimuli to memorize. After a brief delay, they are
presented with a second array of stimuli and asked to indicate
whether all items remained the same or one of them has changed.
Performance in this task is typically assessed by calculating mem1
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ory capacity using false alarms and hit rates. Previous studies
which utilize the change detection task have found that average
VWM capacity for younger adults is around three to four items
(e.g., Luck & Vogel, 1997; Vogel, Woodman, & Luck, 2001).
Although there is a debate about the nature of age-related decline
in working memory (e.g., Naveh-Benjamin, 2000; Hasher &
Zacks, 1988), studies using older adults have consistently shown
that change detection performance significantly decreases with
aging (e.g., Brockmole, Parra, Della Sala, & Logie, 2008; Brown
& Brockmole, 2010; Cowan, Naveh-Benjamin, Kilb, & Saults,
2006; Ko et al., 2014).
An alternative to the change-detection paradigm is the delayedestimation task, in which participants are asked to estimate the
feature value of an item across a range of possible values (e.g.,
Bays, Catalao, & Husain, 2009). For instance, to test color VWM,
participants are first given an array of colors to encode. After a
brief delay, the location of one of the array objects is cued. The
task is to select the color of this cued object from an array of colors
on a color wheel (Figure 1A). Color response distributions are then
fitted with a maximum-likelihood estimate method to estimate the
probability of reporting the correct color as well as the precision
with which the item is recalled (see Results for more details of this
method). Studies using this method have found that the standard
deviation of the distributions increases as the number of objects in
the study array increases, indicating that as one encodes more
items in VWM the precision of each item decreases (Bays et al.,
2009). Because the responses are collected from a continuous
array, an important advantage of this method over the change
detection task is that it is possible to estimate the source of error
during recall. Specifically, this method allows us to estimate the
probability of reporting a nontarget item (i.e., one of the noncued
color values) and the probability of reporting a random color value

that was not in the study array (i.e., random guesses). In addition,
this method also allows us to determine not just how accurately a
participant responds (whether they clicked near the correct feature
value or not), but also how precise a representation is based on the
width or variability of the response distribution. Using the delayedestimation task, Peich, Husain, and Bays (2013) found two important effects of aging. First, older adults were more likely to report
the features of one of the uncued memory items compared to
younger participants, indicating more feature-location binding errors. Second, the precision of the recalled item was also significantly lower (i.e., higher variability for the correct target responses) for older adults than for younger adults, especially for
larger memory arrays.

A Dynamic Neural Field Model of Age-Related Decline
in VWM
To explore age-related differences in cognition, specifically in
VWM, we have previously developed a dynamic neural field
(DNF) model which allows us to examine the neural mechanisms
of aging (Costello & Buss, 2018). DNF models are framed around
the concept of an activation field that specifies the temporal
activation dynamics within populations of neurons which are tuned
to perceptual and/or motor dimensions. The basic idea is that
cognitive states correspond to stable patterns of activation within
populations of neurons that are tuned to perceptual or motor
dimensions. By simulating the temporal evolution of neural activation, then, we can make inferences and predictions about cognition and behavior (for a review, see Johnson, Simmering, &
Buss, 2014; Spencer & Schöner, 2003). Neural units in the model
are connected through local-excitation and lateral-inhibition interactions that are defined by how strongly and how broadly neural

Figure 1. Sequence of events in a sample trial in Experiments 1 (Panel A) and 2 (Panel B). All colors were
sampled from the CIE Lⴱaⴱb color space. The color wheel showed the range of all possible color values in the
color space. In both experiments, participants were asked to report the color for the cued (empty circle) item. In
Experiment 2, the nontarget items were presented on the screen during test. See the online article for the color
version of this figure.
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output projects to other units. Units that are tuned to similar
information share excitation with one another, and units that are
tuned to different information inhibit one another. Through the
balance of excitatory and inhibitory interactions, activation within
the model can form stabilized “peaks” of activation that correspond to the representations of a stimulus value (e.g., a color hue)
or motor plan (i.e., a motor plan to press a button). The equations
and dynamics used in this modeling framework have been demonstrated to correspond to actual neural dynamics measured in
awake, behaving animals (Jancke et al., 1999; Markounikau, Igel,
Grinvald, & Jancke, 2010). Moreover, the equations that are used
in DNF models can be reconstructed from neural population recordings using a distribution of population activation approach
(Erlhagen, Bastian, Jancke, Riehle, & Schöner, 1999; for a more
comprehensive review of the development and application of this
modeling approach see Schöner, Spencer, & The DFT Research
Group, 2015).
The architecture of the DNF model is composed of multiple
populations of feature-sensitive (e.g., color or shape) neurons. In
the architecture displayed in Figure 2, there are two main excitatory fields: the contrast field (CF) and working memory (WM)
field. Stimuli are presented strongly to CF and weakly to WM. CF
and WM both have self-excitatory connections. CF is involved
with encoding perceptual information into the WM field and sends
excitation to WM which, in turn, maintains active representations
of stimuli that persist when the stimuli are no longer present.
Inhibitory interactions within these fields are mediated by the
Inhib field which receives activation from both the CF and WM
fields. Inhibition sent to the CF serves to suppress encoding of
stimuli that are activated in WM. Inhibition sent to the WM field
serves to stabilize peaks of activation that represent the items
stored in VWM and enables stable representations by preventing
these peaks from shifting in location or spreading beyond the
represented value.
This model architecture is capable of generating active same/
different decisions in the change detection task and produces

Figure 2. Architecture of DNF model of change detection task. Blue
(wavy) lines show the activation fields. Black (solid) lines mark the
activation threshold (at 0). Synaptic output is sent once activation crosses
this activation threshold. Excitatory interactions are marked with green
(light gray) arrows and inhibitory interactions are marked with red (dark
gray) arrows. CF ⫽ contrast field; WM ⫽ working memory. See the online
article for the color version of this figure.
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variation in performance accuracy that mimics rates of performance by human participants (Costello & Buss, 2018; J. S.
Johnson, Spencer, Luck, & Schöner, 2009; Simmering, 2016).
The model generates these decisions by coupling the activation
within the WM and CF layers to “same” and “different” decision nodes, respectively. Specifically, activation within the CF
is integrated and sent to the “different” decision node, and
activation within the WM field is integrated and sent to the
“same” decision node. In this way, the “different” and “same”
node compete to become activated once the test display is
presented to the model (for more details of the model architecture, see Costello & Buss, 2018).
Costello and Buss (2018) used this model to explore whether
alterations to neural interactions in the model could explain patterns of performance of younger and older adults in color and
shape change detection tasks. The strength and width of the excitatory and inhibitory neural interactions were systematically manipulated to find which parameter values reproduced performance
of older adults. Three different manipulations were able to explain
age-related differences in performance between younger and older
adults. To explore the mechanistic basis of these changes in
performance, Costello and Buss (2018) examined the properties of
representations within the model. Figure 3 shows the average
number of peaks maintained within the model at the highest set
size (SS5) as well as the number of neural units that, on average,
participated in each representation within WM. In one model, the
widths of excitatory and inhibitory interactions were increased
(excitation and inhibition width model). Under this manipulation,
neural interactions within the model were less precise and less
stable. That is, the model that simulated older adult performance
had more neural units participating in each representation and a
decrease in the number of peaks that could be maintained. In a
second model, the strength of input to the Inhib layer was decreased (to-inhibition strength model). Under this manipulation,
inhibitory interactions were engaged more weakly and more
slowly resulting in a shift in the balance of excitatory and inhibitory neural interactions. As a result of this manipulation, peaks
actually became more stable (reflected by an increase in the
average number of peaks) and wider (reflected by the increased
number of neural units participating in the average representation
within WM). In a third model, the width of only inhibitory interactions was increased (inhibitory width model). Under this manipulation, inhibitory interactions were more diffuse within WM and
CF. Consequently, peaks not only became less stable but also
narrower due to stronger lateral-inhibition near the point of activation.
The results from feature estimation studies can be informative as
to which of these neural mechanisms best captures age-related
differences in VWM. Specifically, the Peich et al. (2013) study
reviewed above suggests that older adults have less precise representations as reflected by an increase in the standard deviation of
the response distributions, and older adults also tend to forget
items as reflected by an increase in the probability of random
guessing. To map the model dynamics onto the response properties
from feature-estimation tasks, we can assume that the guessing rate
would be proportional to the likelihood of losing peaks before the
test phase. Further, the width of the response distributions can be
assumed to reflect the width of neural representations within the
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Figure 3. Average number of neural units participating in a peak (width, Panel A) and average number of peaks
within the WM field (Panel B) for the different models used to explore age-related changes in VWM. Data are
reproduced for set size 5 from Costello and Buss (2018).

WM field.1 That is, at the time of color-report, participants’
responses will reflect sampling from the distribution of neural
units underlying the probed representation. In the model, the
VWM representations will have sustained peaks of activation
around the color value that is being remembered. When one of the
memory locations is cued, these VWM peaks would send activation to the perceptual representation of the color wheel, building a
response peak around the remembered color value. If the VWM
peak is narrow, then it would project to a more restricted range of
the color wheel, leading to more precise responses. A wider peak,
on the other hand, would project activation to a broader range of
the color wheel, leading to more variable responses. Although this
method of estimating response distributions does not involve an
active response mechanism, the aim is to be consistent with how
responses might be actively generated by future adaptations of this
model. Based on this conceptualization of the VWM representations, we have two distinctions between younger and older adult
models. Older model should be able to maintain fewer VWM
representations and have wider VWM peaks at test. Among the
three models identified by Costello and Buss (2018), only the
excitation and inhibition width model showed both a decrease in
the number of peaks and an increase the width of peaks relative to
the young adult model.

Present Study
In the present study, we tested the predictions from the DNF
model regarding how color reports are influenced by manipulations to the task. One aspect of the model that is distinct from
previous accounts which have focused on encoding and mainte-

nance stages is that the model is sensitive to the display characteristics during test. Feature-estimation tasks typically cue a single
location and ask participants to report the feature that was at that
location. We examined the effect of presenting the nontarget colors
during recall in addition to the spatial cue indicating which item to
report. To explore this manipulation in the model, we administered
conditions which presented either a single cue during the test
phase, or the nontargets along with the cue for the test item during
the test phase at Set Size 3. We then compared the average width
of peaks in the model during the test phase. For 200 runs of the
“younger” model, there were no differences based on presenting
the nontarget items during test, t(198) ⫽ 0.51, p ⫽ .614, d ⫽ 0.07.
1
Note that other application of DNF models have used center-of-mass of
peaks as a metric of precision of representations (Schutte & Spencer,
2009). Our task is different than those studies in two major ways. First, in
the previous applications, the focus of the study was the drift of spatial
memory over time, and the change in the center-of-mass was integral to the
performance of the model. These drifts in memory were implemented by
presenting stimuli that were spatially close. In our current study, however,
our colors were at least 60° apart around the color wheel. Therefore, we can
assume that the peaks were more stable in our model. Second, the mapping
of a VWM representation to a response is more complex in our application
of the DNF model. The spatial memory tasks used stimuli and responses
that were directly aligned—the memory and the response were in the same
frame of reference. In the color estimation task, however, a VWM representation of a color at a spatial location is cued, and this feature-space
conjunction must then be recalled to select a spatial location on the color
wheel. To be able to simulate both versions of the working memory tasks,
we are currently expanding the model architecture to incorporate spatialfeature bindings and an active response mechanism that can build a peak in
the response space defined by the color wheel.
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For the “older” model, however, there was a significant reduction
in the number of neural units participating in representations
within the WM field when the nontarget items were presented
compared with when only the probe item was presented, t(198) ⫽
2.56, p ⫽ .011, d ⫽ 0.36. Thus, the model makes the qualitative
prediction that older adults, but not younger adults, should show a
decrease in the standard deviations of the response distribution
(i.e., more precise memory representations) associated with color
recall when nontarget items are presented during the response
phase. Mechanistically, this decrease results from the increased
inhibition associated with the presentation of more stimuli. Inhibition within the WM field is dependent upon the level of excitation that goes into the Inhib field. Stronger inhibition has the
consequence of dampening excitation within the WM field and
narrowing the width of peaks within this field, effectively sharpening the representations of the items in memory.
In Experiment 1, we first tested (a) whether older adults are
more likely to have more random guesses than younger adults, and
(b) whether older adults’ color reports have higher standard deviation (i.e., less precise) than younger adults’ color reports. Finding
evidence for these two hypotheses would both replicate Peich et al.
(2013) findings and provide evidence for the predictions made by
the DNF model (Costello & Buss, 2018). More importantly, we
tested a unique prediction made by the DNF model regarding the
presence of nontarget colors during test display: Presenting nontargets during the test should improve the precision of older
adults’, but not younger adults’, color reports. To achieve this, we
ran Experiment 2 where we presented the nontargets during test
and compared color report performance of older and younger
participants across the two experiments.

Experiment 1
Method
Participants. Twenty-nine younger adults (nine male, 20 female; age range: 18 – 40, M ⫽ 19.9 years) and 31 older adults (nine
male, 22 female; age range: 61–90, M ⫽ 73.0 years) participated
in Experiment 1.2 The younger group consisted of undergraduate
students from the University of Hartford who received course
credit for their participation. The older group were recruited from
the greater Hartford area via local newspaper ads and received a
gift certificate worth $15. All participants reported normal or
corrected-to-normal vision. This project was approved by the
Institutional Review Board of the University of Hartford, and
participants in both experiments signed an informed consent form.
Stimuli and apparatus. Cognitive and perceptual measures:
All participants first completed a battery of cognitive and perceptual tasks: the vocabulary subscale of The Wechsler Adult Intelligence Scale (WAIS-III), Mini-Mental State Examination
(MMSE; Folstein, Folstein, & McHugh, 1975), forward and backward digit-span, Freiburg Visual Acuity Test (FrACT; Bach,
1996), and 17-plate version of the Pseudoisochromatic Plates color
blindness test. These batteries lasted about 20 min. Table 1 displays participants’ scores on these cognitive and perceptual tasks.
VWM task. To assess VWM, we used a delayed color estimation task. Stimuli consisted of colored circles, subtended 1
degree of visual angle (dva). The colors of the memory items were
chosen from CIE Lⴱaⴱbⴱ color space where the L parameter of
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each color was set to 50. First, we randomly selected a color from
a set of 360 possible colors equally distributed in the color space.
Then, we created six possible colors, in steps of 60° in the
clockwise direction from the initial color. Each trial could consist
of one, two, or three memory items. For each set sizes, we
randomly chose one (Set Size 1 [SS1]), two (Set Size 2 [SS2]), or
three (Set Size 3 [SS3]) colors from the set of possible six colors.
Therefore, the minimum separation between two colors was 60°.
Spatial locations were sampled in the same way from a 360° space
around an imaginary circle with a radius of 5dva. For the test cue,
we used a black annulus with an outer radius of 1dva and an inner
annulus of 0.5dva. All stimuli were presented against a neutral
gray background. The color wheel used for collecting responses
was an annulus with an outer radius of 8dva and an inner radius of
3dva. To eliminate any spatial biases, we created 36 color wheels
rotated in steps of 10° and randomly selected one of the color
wheels on each trial. Participants were seated approximately 53 cm
from the monitor screen in a small quiet room. Head position was
not restricted. Stimuli were presented on a 17⬙ LCD monitor with
60-Hz refresh rate. Stimulus presentation was controlled with
E-prime 2.0 software (Schneider, Eschmann, & Zuccolotto, 2002).
Procedure. Each trial started with a fixation cross at the
center of the screen which lasted for 1,500 ms (see Figure 1). After
a delay of 500 ms, the memory array was presented for 500 ms
which was followed by a retention interval. The memory array
consisted of one (SS1), two (SS2), or three (SS3) colored circles.
The retention interval was 800 ms, 1,200 ms, or 1,600 ms, randomly sampled in equal frequencies. At the end of each trial,
participants were presented with the test array which stayed on the
screen until response. For SS1, the test array consisted of the test
cue at the location of the memory item and the color wheel at the
center of the screen. For SS2 and SS3, one of the memory items
was randomly chosen to be the test item. The location of this test
item was cued with a black annulus, and the remaining memory
items were replaced with black circles. Therefore, the test array in
SS2 and SS3 trials consisted of the test cue, black placeholders,
and the color wheel at the center of the screen (Figure 1A). The
next trial started 1,500 ms after participants made a response.
Participants completed a total of 15 blocks, five blocks of 15 trials
for each set size, a total of 225 trials. Sessions lasted for approximately 30 min.
Data analyses. To determine the quality of the memory representations, each participant’s response distributions were fitted
with probabilistic mixture models formulated below:
p(x) ⫽ pt⌽t,t(x ⫺ t) ⫹ pn⌽n,n(x ⫺ n) ⫹ pr ⁄ 2⌸

(1)

where x, t, and n refer to the reported color value, color value of
the target item, and color value of the nontarget item, respectively
(Bays et al., 2009). We calculated the probabilities of reporting the
correct color value (pt), the probability of reporting one of the
nontarget items (pn), and the probability of reporting a random
color value (pr). In the formula, i,k refers to the probability
2
We ran power analyses using MorePower 6.0.4 program (Campbell &
Thompson, 2012) with the effect size calculated from the effect of aging on
color memory precision in Peich et al. (2013) study (the effect of age for
color in the high-load condition). The results showed that for our 3 ⫻ 2
mixed design, we need a minimum of 24 participants in each age group to
achieve a minimum power of .90 for 2p ⫽ .241.
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Table 1
Mean and Standard Deviations of the Participant Demographics and Their Scores on the Cognitive and Perceptual Tasks in
Experiments 1 and 2
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Experiment 1

Experiment 2

Scale

Younger

Older

p

Younger

Older

p

Age (years)
Education (years)
WAIS-III (vocabulary subscale)
Forward digit span
Backward digit span
FRACT—Test 1
FRACT—Test 2
Color blindness
MMSE

19.90 (4.50)
13.41 (1.05)
47.04 (6.72)
7.04 (0.98)
4.90 (1.08)
⫺0.19 (0.13)
⫺0.16 (0.14)
17.00 (0)
29.21 (1.01)

73.03 (7.84)
16.21 (3.06)
55.13 (6.93)
6.84 (1.37)
4.97 (1.35)
0.08 (0.19)
0.07 (0.18)
16.61 (0.80)
28.63 (0.80)

⬍.001
⬍.001
⬍.001
.529
.823
⬍.001
⬍.001
.012
.103

18.83 (0.89)
13.21 (1.08)
49.46 (6.40)
6.62 (0.86)
4.76 (0.91)
⫺0.23 (0.13)
⫺0.24 (0.11)
16.72 (0.65)
28.83 (1.17)

71.60 (6.91)
17.90 (2.58)
58.13 (4.74)
7.13 (1.17)
4.97 (1.54)
⫺0.001 (0.32)
⫺0.03 (0.27)
16.33 (1.24)
29.30 (0.88)

⬍.001
⬍.001
⬍.001
.061
.533
.001
⬍.001
.137
.083

Note. WAIS-III ⫽ Wechsler Adult Intelligence Scale; FRACT ⫽ Freiburg Visual Acuity Test; MMSE ⫽ Mini-Mental State Examination. Standard
deviations are presented in parentheses. FRACT scores are reported in logMar, with 0.0 equivalent to Snellen 20/20 (Bach, 1996).

density function of von Mises distribution with a mean of  and a
concentration of . With this model, we also estimated the standard deviation of the response distributions as a means of measuring the precision of the reports (SD ⫽ 兹1⁄). Because there was
only one color on SS1 trials, we only included the target and
random guessing distributions in the model to estimate the pt and
pr (pt ⫹ pr ⫽ 1). For SS2, we used the formula depicted in
Equation 1 where one of the colors was assigned as the target (pt)
and the other one was assigned as the nontarget (pn; pt ⫹ pn ⫹
pr ⫽ 1). Lastly, for SS3 we included two nontarget distributions in
the equation. Therefore, in addition to the pt and pr, we estimated
the probabilities of reporting two nontarget items (pn1 and pn2;
pt ⫹ pn1 ⫹ pn2 ⫹ pr ⫽ 1). We compared the probabilities of
reporting the correct target values, the nontarget values, and random guesses between the younger and older adult groups. To
determine whether aging affects the precision of the memory
items, we also compared the standard deviations of the target
distributions between the two age groups.

Results
Probability of reporting the correct target value (pt).
Analyses revealed that delay did not impact any of the performance measures nor did it interact with any other factors, so all
analyses below collapsed across this factor.3 To test the role of set
size and age on reporting the correct target color, we ran a 3 (set
size: 1, 2, 3) ⫻ 2 (age: older, younger) ANOVA on the pt data,
where set size was entered as a repeated measure and age was a
between-subjects variable. The results showed a significant main
effect of set size, F(2, 116) ⫽ 48.8, p ⬍ .001, p2 ⫽ .457 (Figure
4A). Bonferroni corrected pairwise comparisons showed that participants had significantly higher pt values for SS1 than for SS2,
t(59) ⫽ 5.03, p ⬍ .001, d ⫽ 0.86, for SS2 than for SS3, t(59) ⫽
4.88, p ⬍ .001, d ⫽ 0.52, and also for SS1 than for SS3, t(59) ⫽
8.51, p ⬍ .001, d ⫽ 1.42. We also found a significant main effect
of age, F(1, 58) ⫽ 17.1, p ⬍ .001, p2 ⫽ .228. Younger adults were
more likely to report the correct target color compared with older
adults. Importantly, there was a significant Set Size ⫻ Age interaction, F(2, 116) ⫽ 9.61, p ⬍ .001, p2 ⫽ .142. Follow-up analyses
showed that the probability of reporting the target color did not
differ between older and younger participants for SS1,

t(58) ⫽ ⫺1.15, p ⫽ .255, d ⫽ 0.30. However, older participants
had significantly lower pt values compared with younger participants for both SS2, t(58) ⫽ ⫺2.86, p ⫽ .006, d ⫽ 0.74, and for
SS3, t(58) ⫽ ⫺4.55, p ⬍ .001, d ⫽ 1.18.
Probability of reporting a nontarget value (pn). We conducted a 2 (set size: 2, 3) ⫻ 2 (age: older, younger) mixed
ANOVA on pn values (Figure 4B). For SS3, we combined the
reports for both nontarget colors. The results showed a significant
main effect of set size, F(1, 58) ⫽ 14.9, p ⬍ .001, p2 ⫽ .204, and
a significant main effect of age, F(1, 58) ⫽ 7.31, p ⫽ .009, p2 ⫽
.112. Participants were more likely to report a nontarget color for
SS3 than for SS2. Further, older participants reported significantly
more nontarget colors than the younger participants. Importantly,
the Set Size ⫻ Age interaction was also significant, F(1, 58) ⫽
8.03, p ⫽ .006, p2 ⫽ .122. Follow-up analyses showed that pn
values did not differ between different age groups for SS2, t ⬍ 1.
However, older participants reported significantly more nontarget
colors for SS3 compared with the younger participants, t(58) ⫽
3.25, p ⫽ .002, d ⫽ 0.84.
Probability of reporting a random color value/guessing (pr).
The first hypothesis the DNF model predicted was that older adults
are more likely to randomly guess during an incorrect trial than
younger adults. We investigated this hypothesis by comparing the
pr values using a 3 (set size: 1, 2, 3) ⫻ 2 (age: older, younger)
mixed ANOVA (Figure 4C). We found a significant main effect of
set size, F(2, 116) ⫽ 48.8, p ⬍ .001, p2 ⫽ .457, a significant main
effect of age, F(1, 58) ⫽ 17.1, p ⬍ .001, p2 ⫽ .228, and a
significant Set Size ⫻ Age interaction, F(2, 116) ⫽ 9.61, p ⬍ .001,
p2 ⫽ .142. In line with our first hypothesis, pairwise comparisons
revealed that older participants made significantly more random
guesses than younger participants. Further, participants made significantly more random guesses for SS2 than for SS1, t(59) ⫽
3.76, p ⬍ .001, d ⫽ 0.65, for SS3 than for SS1, t(59) ⫽ 6.72, p ⬍
.001, d ⫽ 1.14, and for SS3 than for SS2, t(59) ⫽ 3.58, p ⫽ .001,
d ⫽ 0.36. Lastly, pr values were similar for older and younger
participants for SS1, t(58) ⫽ 1.15, p ⫽ .225, d ⫽ 0.30. However,
compared with the younger participants, older participants had
3
The analyses and figures depicting data for different delay conditions
can be found in the online supplementary materials.
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Figure 4. Experiment 1 results. Panel A shows the probability of reporting the target color value (pt), Panel B
shows the probability of reporting a nontarget value (pn), Panel C shows the probability of reporting a random
value (pr), and Panel D shows the standard deviation of the response distribution for the target value across
different set sizes and ages. Error bars represent 95% confidence intervals.

significantly higher pr values for SS2, t(58) ⫽ 3.05, p ⫽ .003, d ⫽
0.79, as well as for SS3, t(58) ⫽ 4.10, p ⬍ .001, d ⫽ 1.06.
Standard deviations of the target distributions (precision of
correct reports). The second hypothesis of the DNF model was
that aging also negatively affects the precision of the color reports.
To test this prediction, the same 3 (set size: 1, 2, 3) ⫻ 2 (age: older,
younger) mixed ANOVA was run on the standard deviations of the
color report distributions (Figure 4D). We found a significant main
effect of set size, F(2, 116) ⫽ 65.9, p ⬍ .001, p2 ⫽ .532,
suggesting that color reports were more precise for SS1 than for
SS2, t(59) ⫽ ⫺7.28, p ⬍ .001, d ⫽ 0.77, for SS1 than for SS3,
t(59) ⫽ ⫺9.36, p ⬍ .001, d ⫽ 1.14, and for SS2 than for SS3,
t(59) ⫽ ⫺5.26, p ⬍ .001, d ⫽ 0.48. Importantly, supporting our
second hypothesis, we found a significant main effect of age, F(1,
58) ⫽ 28.4, p ⬍ .001, p2 ⫽ .328, where older participants’ reports
were significantly less precise than younger participants’ reports.
Lastly, we found a significant Set Size ⫻ Age interaction, F(2,

116) ⫽ 7.88, p ⫽ .001, p2 ⫽ .120. Follow-up analyses showed that
older participants’ memory reports were significantly less precise
than the younger participants’ reports for all set sizes, but this
difference became larger as set size increased, t(58) ⫽ 5.69, p ⬍
.001, d ⫽ 1.47 for SS1, t(58) ⫽ 4.23, p ⬍ .001, d ⫽ 1.09 for SS2,
and t(58) ⫽ 4.91, p ⬍ .001, d ⫽ 1.27 for SS3.

Discussion
In Experiment 1, we tested the role of aging on the capacity and
the precision of VWM representations. First, we found no effect of
delay on any of the parameters, meaning that longer delays do not
affect the properties of VWM representations. Second, we found
an effect of set size on all parameters. Specifically, as the set size
increases the probability of reporting the correct color decreases,
precision of the memory representation decreases, and the probability of reporting the nontargets and random guessing increase.
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More importantly, we found a significant effect of age on all
parameters. Older participants were more likely to report one of
the nontarget items or a random color compared with younger
participants. Older participants’ memory representations were also
less precise than younger participants’ representations. Finally,
these age differences became larger as set size increased. Specifically, older participants were less likely to correctly report the
target color when there was more than one color to remember, and
also more likely to report a nontarget color if there was more than
one nontarget color. These results both replicate previous findings
(Peich et al., 2013) and support the predictions of the DNF model
(Costello & Buss, 2018). In Experiment 2, we tested the last
prediction of the DNF model that presenting the nontarget colors
during recall will increase the precision of the memory representations for older adults, but not for younger adults.

Experiment 2
Method
Participants. Thirty-one younger adults and 30 older adults
participated in Experiment 2. None of the participants took part in
Experiment 1. Data from one participant from the younger group
were excluded from the analyses, because they had very low color
blindness test scores. The final sample consisted of 29 younger
adults (11 male, 18 female; age range: 18 –21, M ⫽ 18.8 years) and
30 older adults (four male, 26 female; age range: 60 – 82, M ⫽ 71.6
years). The younger group consisted of undergraduate students
from the University of Hartford who received course credit for
their participation. The older group were recruited from the greater
Hartford area via local newspaper ads and received a gift certificate worth $15. All participants reported normal or corrected-tonormal vision.
Stimuli and apparatus. Stimuli and apparatus were the same
as in Experiment 1. As in Experiment 1, all participants completed

the battery of cognitive tests prior the experiment which took about
20 min to complete (see Table 1).
Procedure. The procedure was the same as in Experiment 1,
except that the uncued memory items were presented on the screen
during the test array (Figure 1B). Therefore, the test array consisted of the test cue at the location of one of the memory items,
the other memory items, and the color wheel at the center of the
screen. Participants completed a total of 15 blocks, five blocks of
15 trials for each set size, a total of 225 trials. Sessions lasted
approximately 30 min.
Data analysis. The same probabilistic mixture modeling used
in Experiment 1 was used to fit each participants’ data, with one
important difference. In Experiment 2, all nontarget items were
presented on the screen during the test array. Therefore, we did not
include a distribution for nontarget color values and used the
formula in Equation 2 for every set size. Note that, there is only
one Gaussian distribution for the target reports and a unimodal
distribution for the random guessing. Thus, for the following
analyses pt⫹ pr ⫽ 1.
p(x) ⫽ pt⌽t,t(x ⫺ t) ⫹ pr ⁄ 2⌸

(2)

Results
Probability of reporting the correct target value (pt). We
again found that delay did not impact any of the performance
measures. All analyses below collapsed across this factor. We first
tested the effects of set size and age on reporting the correct target
color with a 3 (set size: 1, 2, 3) ⫻ 2 (age: older, younger) mixed
ANOVA (Figure 5A). Replicating Experiment 1, we found a
significant main effect of set size, F(2, 114) ⫽ 80.4, p ⬍ .001,
p2 ⫽ .585. Pairwise comparisons showed that participants were
significantly more accurate for SS1 than for SS2, t(58) ⫽ 3.68, p ⫽
.001, d ⫽ 0.51, for SS2 than for SS3, t(58) ⫽ 8.44, p ⬍ .001, d ⫽
1.21, and for SS1 than for SS3, t(58) ⫽ 8.74, p ⬍ .001, d ⫽ 1.50.

Figure 5. Experiment 2 results. Panel A shows the probability of reporting the target color value (pt) and Panel
B shows the standard deviation of the response distribution for the target value across different set sizes and ages.
Error bars represent 95% confidence intervals.
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As in Experiment 1, we also found a significant Set Size ⫻ Age
interaction, F(2, 114) ⫽ 11.9, p ⬍ .001, p2 ⫽ .173. We found no
significant difference between the older and younger groups for
the pt parameter for SS1, t(57) ⫽ 1.93, p ⫽ .058, d ⫽ 0.51, and for
SS2, t ⬍ 1. However, older participants had significantly lower pt
values compared with younger participants for SS3, t(57) ⫽ 2.81,
p ⫽ .007, d ⫽ 0.75. The main effect of age was not significant,
F(1, 57) ⫽ 2.07, p ⫽ .156, p2 ⫽ .035. In this experiment pt⫹ pr ⫽
1; thus, the results are the same for the pr variable, suggesting that
older participants had significantly more random guesses than the
younger participants for SS3, replicating our findings in Experiment 1 and further supporting our first hypothesis.
Standard deviations of the target distributions (precision of
correct reports). To test whether age affects the precision of the
color reports, we ran the same mixed ANOVA on the standard
deviation of the color report distribution (Figure 5B). There was a
significant main effect of set size, F(2, 114) ⫽ 71.5, p ⬍ .001,
p2 ⫽ .556, suggesting that color reports were less variable for SS1
than for SS2, t(58) ⫽ ⫺8.65, p ⬍ .001, d ⫽ 1.09, for SS1 than for
SS3, t(58) ⫽ ⫺10.7, p ⬍ .001, d ⫽ 1.39, and for SS2 than for SS3,
t(58) ⫽ ⫺4.57, p ⬍ .001, d ⫽ 0.54. Importantly, we also found a
significant main effect of age, F(1, 57) ⫽ 18.7, p ⬍ .001, p2 ⫽
.247, where older participants’ color reports were significantly less
precise than younger participants’ color reports, replicating our
findings in Experiment 1 and further supporting our second hypothesis. The interaction between age and set size was not significant, F ⬍ 1.
The effect of nontargets on reporting the correct target
value (pt). To examine differences in performance between experiments, we conducted a series of statistical tests that used
experiment as a between-subjects factor. Note that we focused
analyses on SS2 and SS3 because SS1 was identical between the
two experiments. To test whether presenting participants with the
nontarget colors during the test phase increased the proportion of
reporting the target value (pt), especially in the older group, we
combined the data from both experiments and ran a 2 (set size: 2,
3) ⫻ 2 (experiment: 1, 2) ⫻ 2 (age: older, younger) mixed
ANOVA on the pt data, where the set size was entered as a
repeated measure, and experiment and age were entered as
between-subjects factors. Replicating the previous findings, a main
effect of set size revealed that participants were more accurate for
SS2 than for SS3, F(1, 115) ⫽ 85.8, p ⬍ .001, p2 ⫽ .427. Further,
younger participants were significantly more accurate than older
participants, revealed by a significant main effect of age, F(1,
115) ⫽ 21.9, p ⬍ .001, p2 ⫽ .160. We also found a significant
main effect of experiment with participants in Experiment 2 being
significantly more accurate than participants in Experiment 1, F(1,
115) ⫽ 10.03, p ⫽ .002, p2 ⫽ .080. The results also revealed a
significant Set Size ⫻ Age interaction, F(1, 115) ⫽ 13.4, p ⬍ .001,
p2 ⫽ .104, and a significant Experiment ⫻ Age interaction, F(1,
115) ⫽ 6.37, p ⫽ .013, p2 ⫽ .052. Set Size ⫻ Experiment
interaction, F(1, 115) ⫽ 1.45, p ⫽ .231, p2 ⫽ .012, and the
three-way interaction, F ⬍ 1, were not significant.
To further investigate the Set Size ⫻ Age interaction, we ran an
independent samples t test and found that younger participants
were significantly more accurate than older participants for both
SS2, t(117) ⫽ 2.56, p ⫽ .012, d ⫽ 0.47 and SS3, t(117) ⫽ 5.21,
p ⬍ .001, d ⫽ 0.96. To interpret the Experiment ⫻ Age interaction, we collapsed data across different set sizes (Figure 6A). We
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found that younger participants’ pt values did not differ between
different experiments, t ⬍ 1. In contrast, older participants’ pt
values were significantly better in Experiment 2 than in Experiment 1, t(59) ⫽ 3.60, p ⫽ .001, d ⫽ 0.94. Specifically, presenting
nontarget items on the screen significantly improved older participants’ color estimation performance.
The effect of nontargets on random color reports/guessing
(pr). Next, we compared pr values across different experiments
to test whether presenting nontargets also decreased the proportion
of random guesses (Figure 6B). To compare pr values in SS2 and
SS3, we ran a 2 (experiment: 1, 2) ⫻ 2 (age: older, younger) ⫻ 2
(set size: 2, 3) mixed ANOVA where the experiment and age were
entered as between-subjects and set size was within-subjects. The
main effects of age, F(1, 115) ⫽ 19.9, p ⬍ .001, p2 ⫽ .147, and
set size were significant, F(1, 115) ⫽ 73.6, p ⬍ .001, p2 ⫽ .390.
Older participants had significantly higher guessing rates than
younger participants, and the guessing rates were in general higher
for SS3 than for SS2. The Experiment ⫻ Age, F(1, 115) ⫽ 4.47,
p ⫽ .037, p2 ⫽ .037, the Experiment ⫻ Set Size, F(1, 115) ⫽ 10.2,
p ⫽ .002, p2 ⫽ .081, and the Set Size ⫻ Age interactions, F(1,
115) ⫽ 8.06, p ⫽ .005, p2 ⫽ .066, were also significant. The main
effect of experiment, F ⬍ 1, and the three-way interaction, F(1,
115) ⫽ 2.37, p ⫽ .126, p2 ⫽ .020, did not reach significance. To
further investigate the interactions, we ran follow-up analyses.
First, aging significantly negatively affected the guessing rates in
both experiments, but this aging effect became smaller in Experiment 2 when the nontargets were presented during the test phase,
t(58) ⫽ 3.92, p ⬍ .001, d ⫽ 1.03 in Experiment 1 and t(57) ⫽ 2.18,
p ⫽ .034, d ⫽ 0.57 in Experiment 2. Second, presenting the
nontargets during test significantly improved guessing for SS2,
t(117) ⫽ ⫺2.44, p ⫽ .016, d ⫽ 0.45, but not for SS3, t ⬍ 1,
indicating that as the task became more difficult the effect of
nontargets decreased. Lastly, we found that although aging increased the guessing rates for both SS2, t(117) ⫽ 2.78, p ⫽ .006,
d ⫽ 0.52, and SS3, t(117) ⫽ 4.93, p ⬍ .001, d ⫽ 0.91, this age
effect became larger as set size increased.
The effect of nontargets on the precision of the target
distributions. As discussed in the Introduction, a unique hypothesis the DNF model predicts is that presenting the nontarget items the
during recall phase should improve precision of color reports for older
adults, but not for younger adults. To test this third hypothesis, we ran
the same mixed ANOVA on the standard deviation parameter (Figure
6C). A significant main effect of set size revealed that reports were
significantly more precise for SS2 than for SS3, F(1, 115) ⫽ 48.5,
p ⬍ .001, p2 ⫽ .297. We also found a significant main effect of age,
indicating that younger participants’ color reports were significantly
more precise than older participants’ color reports, F(1, 115) ⫽ 34.9,
p ⬍ .001, p2 ⫽ .233. Further, we found a significant main effect of
experiment, with color reports in Experiment 2 being significantly
more precise than color reports in Experiment 1, F(1, 115) ⫽ 11.8,
p ⫽ .001, p2 ⫽ .093. We also observed significant Set Size ⫻
Experiment interaction, F(1, 115) ⫽ 4.38, p ⫽ .039, p2 ⫽ .037, Set
Size ⫻ Age interaction, F(1, 115) ⫽ 5.73, p ⫽ .018, p2 ⫽ .047, and
Experiment ⫻ Age interaction, F(1, 115) ⫽ 8.65, p ⫽ .004, p2 ⫽
.070. The three-way interaction was not significant, F(1, 115) ⫽ 2.99,
p ⫽ .086, p2 ⫽ .025. Follow-up analyses showed that color reports in
Experiment 2 were significantly more precise than color reports in
Experiment 1 for both SS2, t(117) ⫽ 2.50, p ⫽ .014, d ⫽ 0.46, and
SS3, t(117) ⫽ 3.14, p ⫽ .002, d ⫽ 0.58. Second, older participants
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Figure 6. Comparison of Experiments 1 and 2. Panel A shows the probability of reporting the target color value
(pt) collapsed across different set sizes, Panel B shows the probability of reporting a random value (pr,) Panel
C shows the standard deviation of the target distribution, and Panel D shows the standard deviation of the target
distribution collapsed across different set sizes. Error bars represent 95% confidence intervals.

reported significantly less precise colors compared with the younger
participants for both SS2, t(117) ⫽ 5.08, p ⬍ .001, d ⫽ 0.94 and for
SS3 t(117) ⫽ 5.21, p ⬍ .001, d ⫽ 0.96. In addition, this difference
became larger as set size increased. Importantly, although precision of
younger participants’ color reports was not significantly affected by
the presentation of the nontargets, t ⬍ 1, older participants in Experiment 2 reported significantly more precise colors than older participants in Experiment 1, t(59) ⫽ ⫺3.56, p ⫽ .001, d ⫽ 0.90 (Figure
6D). This last finding suggests that only older participants benefited
from the presentation of the nontarget colors during the test, as
predicted by the DNF model.

General Discussion
The present study investigated the effect of aging on color
VWM representations. Our results are consistent with previous
research that has explored precision of VWM in the context of
feature-binding (Peich et al., 2013). Specifically, in both Experiments 1 and 2, we found that older participants overall had
significantly smaller proportions of correctly reported target (pt)
values compared with younger participants. This age-related effect
increased as set size increased. Experiment 1 also revealed that
older adults were more likely to report the color of one of the
nontarget items especially for the largest set size. Further, we
found that older adults were more likely to randomly guess than

younger participants. Importantly, our results are also consistent
with the DNF model of age-related decline in VWM (Costello &
Buss, 2018). Specifically, smaller pt values are reflected in the
model that simulates older adults’ change detection performance
by losing more peaks within the WM field. In addition, we found
that older adults’ color reports were significantly more variable
than younger adults’ color reports (Figure 6C-D) which is consistent with the simulation results showing that representations in the
older adult model use more neural units than the younger adult
model. It should be noted that our younger and older adult groups
had similar general working memory scores based on the forward
and backward digit span tasks (see Table 1). Our older adult
sample was self-selective, as in many other cognitive aging studies, and were generally healthier and more educated than the
general population. There is evidence that sampling bias affects
cognitive aging studies (cf. Brodaty et al., 2014), although the
specific degrees of differences between convenience versus random sampling are mixed (Hultsch, MacDonald, Hunter, Maitland,
& Dixon, 2002). Further, digit span tasks are typically used to
measure verbal working memory while we employed a visual
working memory task. Therefore, it is possible that the digit span
task and delayed estimation task engage different working memory
systems. In fact, there is evidence that adding a verbal memory
load does not impair visual working memory as measured with the
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change-detection task (Luck & Vogel, 1997). Replicating those
earlier findings, even with similar general verbal working memory
abilities, our design was able to capture the significant difference
in VWM performance between older and younger adults in both
Experiments 1 and 2. Future work could extend the present findings in a random sample.
The DNF model predicted that presenting nontarget items would
increase the precision of the memory items in older adults. Our
results supported this prediction: Presenting nontarget items during
recall in Experiment 2 improved the precision of correct color
reports compared with Experiment 1. Importantly, this improvement was only present for older participants. Although older
adults’ color reports were significantly less precise than younger
adults’ color reports in both Experiments 1 and 2, their color
reports were more precise when provided with the nontarget colors. Younger participants’ color report performance was already
almost at ceiling levels. As can be seen in Figures 6A and 6D, the
presentation of the nontarget items in Experiment 2 led to older
participants’ pt levels and precision levels to reach to similar levels
as younger participants. In the DNF model, the increase in precision was driven by increased inhibition within the WM field that
results from the presentation of more stimuli. Specifically, based
on the coupling between the WM and Inhib fields of the model, the
amount of inhibition and excitation within the WM field are
proportional. With more inputs, there is more excitation which
results in stronger inhibition. As a result, stronger inhibition serves
to make the individual representations more precise. Taken together, these results suggest that emerging age-related declines in
VWM can be partially ameliorated by providing nontarget stimuli
during recall.
This work highlights some important limitations of the DNF model
which can be addressed in future work. First, the model does not have
an active response mechanism for feature estimation reports. The
model has been developed in the context of the change detection task
which requires making a “same/different” decision. Future work can
expand the model architecture to be able to select a color from a
location in a color wheel input (see Schutte & Spencer, 2009; Schutte,
Spencer, & Schöner, 2003 for examples of models which make
responses in a continuous space). Without such a mechanism, the
model is unable to simulate the quantitative details of responses such
as the ones presented in the analyses. Currently, the model can only
speak to qualitative aspects of performance such as those explored
here which predicted a decrease in standard deviation specifically for
the older adult age group.
It should be noted that there is a possible alternative explanation
for our findings because of how we selected color stimuli on each
trial. Specifically, the colors in the present study were at least 60°
apart on the color wheel. It is possible that the participants may
have been implicitly influenced by this regularity and used an
alternative response strategy in Experiment 2. That is, when presented with nontargets during test, based on the color of those
nontarget items, participants could rule out large regions of the
color space when responding. Although possible, we believe this
explanation is unlikely for two reasons. First, the benefit of presenting nontargets at test was only present for older adults. If this
were a general response strategy, then we should have seen similar
improvements for younger adults as well. One can argue that our
younger adults were already performing at the ceiling level and did
not have room for improvement. This argument may be true for the
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probability of reporting the target parameter; however, the standard deviations of the reports significantly increased as set size
increased, suggesting that younger adults’ color reports became
less precise with increased set size. Second, if the older participants indeed selected the target color value by a process of elimination of the color space, rather than actually remembering the
correct color, then we should have seen either (a) a higher amount
of guessing or (b) wider response distributions for SS2 than SS3.
This is because the possible remaining color space to pick a
response for SS2 is bigger than the remaining color space for SS3.
The fact that we found almost no guessing for older adults in SS2
(and a decreased performance in SS3 compared to SS2), as well as
a significant increase in precision as set size increased speaks
against this alternative.
Related to these points, the color selection method in the present
study was different than previous studies which used similar tasks
(e.g., Peich et al., 2013). The main reason for this decision was to
ensure that the task administered to our participants could be
mimicked as closely as possible in the model. The model does not
have a mechanism to bind features to spatial locations; thus, it has
no way of representing two items that have the same color or very
similar colors. Therefore, in our study, we randomly selected a set
of six colors at the beginning of each trial which were 60° apart.
The memory and test colors were then randomly selected among
those six colors. This ensured, first, that colors would not repeat on
a given trial. Second, this separation also ensured that the colors
would not interfere with each other which may distort memory
representations (J. S. Johnson et al., 2009).
There are two influential accounts of age-related decline in
VWM performance. The binding account proposes that aging
affects binding of different features to form the object, resulting in
increased difficulty encoding the stimuli set (Cowan et al., 2006;
Naveh-Benjamin, 2000). On the other hand, the inhibition account
proposes that aging affects attentional control, resulting in trouble
with filtering out irrelevant information during encoding (Gazzaley et al., 2008; Hasher & Zacks, 1988). Both accounts hypothesize that the difficulty arises during encoding of stimuli. Although
we replicated the general finding that aging negatively affects the
retention of the target properties, our broader pattern of results is
not consistent with either the binding or the inhibition accounts.
Our Experiments 1 and 2 were identical in their encoding stage but
only differed during test. Therefore, as they stand, neither the
binding nor the inhibition account can fully explain why presenting nontarget items during test would aid performance in older
adults. Each account can, however, explain the findings if we
attribute the source of error to the maintenance and decision stages,
rather than encoding. First, it is possible that presenting nontarget
items during recall would release the need for inhibiting the
irrelevant nontargets which in turn would help older adults to
retrieve the relevant target color from memory. In fact, the nontargets are not task-irrelevant until the test phase. Therefore, inhibiting them during encoding or maintenance would actually
impair performance. However, these nontargets must be inhibited
during the test phase in order to accurately report the correct target
information. If they no longer require attentional resources to be
suppressed, as in our Experiment 2, then attention can fully be
focused on the target properties. This would be consistent with the
explanation offered by the DNF model which illustrates how
providing additional perceptual structure during the recall phase of
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the trial leads to stronger inhibition within the WM field. However,
in the DNF model, the primary mechanism by which the performance of older adults was facilitated in Experiment 2 goes beyond
suppressing attention to the nontarget items and arises from lateral
inhibition sharpening the representation of the target item.
Second, if older adults’ poorer memory performance is a result of
incorrectly binding the feature-location information, but not necessarily a result of retaining the correct features, then presenting them with
nontarget feature-location bindings should make it easier to report the
correct feature. Although the binding account can explain why older
adults’ overall performance improved, it cannot explain the finding
that older adults were also less likely to randomly guess when the
nontargets were on screen during test. The finding that participants’
random guesses also decreased with the aid of nontargets shows a
general improvement in performance which is not specific to distractor effects caused by the nontargets. Therefore, it is unlikely that
release from inhibition or resolving misbinding can account for the
decrease in guessing. Moreover, the misbinding problem does not
explain why the precision of responses would be improved by presenting nontarget items during recall. That is, misbinding may account for the finding that participants select one of the distractor
colors but not for why precision of responses changes depending on
nontarget presence or absence.
It should be noted that the present results challenge some of the
earlier findings reported in a similar delayed estimation study
(Peich et al., 2013). First, Peich et al. (2013) did not find any
significant difference between younger and older adults’ guessing
rates. Second, they found that incorrect reports for nontarget
features were the main source of error in older adults. The authors
used these two findings as strong evidence for the binding account.
Specifically, older adults were able to encode and recall the features but had trouble to correctly identify which feature goes with
which object, resulting in misbinding errors. Contrary to that
study, our results showed significantly higher guessing in older
adults compared to younger adults, even for set sizes as small as
two (Experiment 1). Although we also found that older adults had
higher levels of misbinding errors (i.e., higher reports of a nontarget color in Experiment 1), it is curious as to why Peich et al.
(2013) did not find higher guessing rates. An important difference
between these two studies is that participants in Peich et al. (2013)
study were asked to retain a color-orientation-location conjunction
information and report two features of an object whereas we only
asked them to retain color-location binding. Previous studies have
shown that multifeature memory tasks result in poorer estimates of
VWM compared with single-feature memory tasks (e.g., Alvarez
& Cavanagh, 2004; Olson & Jiang, 2002). Therefore, it is possible
that the Peich et al. (2013) task was simply more attentiondemanding than ours which may be why they did not find differences in guessing rates between the two age groups.
Interestingly, neither of our experiments showed a significant
effect of delay or any interactions with delay manipulation. This
finding is inconsistent with the results of Pertzov, Manohar, and
Husain (2017) who showed that delay alone has a negative effect
on memory performance of younger participants, especially for
larger set sizes. There are two major differences between our
design and Peich et al.’s (2013) study: They used longer delay
times (100 ms, 1 s, 2 s, 3 s) as well as larger set sizes (1, 2, 4, and
6) compared with our experiments. In addition, they reported that
the effect of delay was not significant for Set Size 1, and for Set

Size 2 the delay seems to have a significant effect only when it was
at least 3 s long. Therefore, it is possible that our delay manipulation was not strong enough (even for older adults) or that we did
not use large enough set sizes to show a significant decline in
performance with increased delay.

Conclusions
The present study provides further evidence regarding agerelated differences in VWM between younger and older adults. In
general, older adults’ recall of color features was less precise and
less accurate compared to older adults. Further, presenting the
nontargets during recall improved both the precision of older
adults’ color recall, as well as the probability of reporting the
correct color. We offered an explanation grounded in a DNF
model: Providing nontarget items during recall increases the precision of color estimation reports by increasing the strength of
neural inhibition within the VWM system. The present findings
point to the need to address how perceptual structure during test
can influence measures of VWM which has not been addressed by
previous theories of VWM. Using model-based explanations to
aging can inform us about how changes in neural dynamics can
give rise to age-related differences in VWM.
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