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Abstract Manipulating the pairings of stimulus and

response modalities has been shown to affect how response

selection processes for distinct tasks interact. For example,

Stephan and Koch (Psychol Res 75(6):491–498, 2011)

found smaller performance costs when participants swit-

ched between visual–manual (VM) and auditory–vocal

(AV) tasks (modality compatible; MC) compared to

between visual–vocal (VV) and auditory–manual (AM)

tasks (modality incompatible; MI). However, in the Ste-

phan and Koch study, there was conceptual overlap

between one set of stimuli and one set of responses. For the

MC pair, these stimuli and responses belonged to the same

task, whereas for the MI pair, they belonged to different

tasks. To examine how conceptual overlap affected switch

and mixing costs, we conducted two experiments. Experi-

ment 1a was a near replication of Stephan and Koch in

which conceptual overlap was present in the MC AV task.

In contrast, Experiment 1b reduced conceptual overlap

within the MC AV task and increased it in the MI VV task.

In Experiment 1a, we replicated Stephan and Koch’s

findings: larger switch costs were observed for the MI pair;

in Experiment 1b, we found numerically greater switch

costs in the MC condition. In Experiment 2, we reduced

conceptual overlap in both tasks and found no effect of

modality compatibility on switch costs. However, mixing

costs were primarily driven by modality compatibility,

regardless of conceptual overlap. These results highlight

the different roles that conceptual overlap and modality

pairings have on switch and mixing costs.

Introduction

The task-switching procedure is commonly used to exam-

ine control processes that enable us to adapt to changing

environmental demands and flexibly organize our behav-

iors (e.g., Allport, Styles, & Hsieh, 1994; Jersild, 1927;

Kiesel et al., 2010; Monsell, 2003; Rogers & Monsell,

1995; Rubinstein, Meyer, & Evans, 2001). In standard task-

switching experiments, participants are required to perform

two distinct tasks and must switch between them either

predictably (e.g., Rogers & Monsell, 1995) or unpre-

dictably (e.g., Meiran, 1996). It is typically observed that

switching between tasks results in significant increases in

reaction time (RT), error rate (ER), or both—a phe-

nomenon known as switch cost. Although the interpretation

of switch costs remains controversial (see, Kiesel et al.,

2010), they are thought to reflect either the time required to

reconfigure the cognitive system through control processes

(Rogers & Monsell, 1995; Rubinstein et al., 2001) or the

persistent activation of the other task consequently pro-

ducing proactive interference (Allport et al., 1994; Allport

& Wylie, 1999).

To investigate the source of switch costs, researchers

have manipulated the relationship between stimulus fea-

tures, and less commonly, responses for the two tasks. Both

these manipulations can affect the magnitude of switch

costs (e.g., Hunt & Klein, 2002; Kreutzfeldt et al., 2015;

Lukas et al., 2010; Murray et al., 2009; Philipp & Koch,

2005; Philipp et al., 2013). There is also evidence that the

two factors may produce an interaction on the magnitude of

the switch costs. Stephan and Koch (2010, 2011) found

smaller switch costs when participants were required to

switch between a visual–manual (VM) task and auditory–

vocal (AV) task than when required to switch between a

visual–vocal (VV) task and an auditory–manual (AM) task.
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Thus, VM and AV tasks were labeled modality compatible

(MC), and VV and AM tasks were labeled modality

incompatible (MI).

This finding parallels reports of interference effects

between concurrently performed tasks based on stimulus

and response modality pairings In the dual-task literature,

modality pairing effects have been hypothesized to result

from crosstalk between central operations (i.e., cognitive

mechanisms linking perception and action) for the con-

currently performed tasks. Crosstalk, which describes

interference that depends on similar or overlapping codes

(Logan & Gordon, 2001; Navon & Miller, 1987), may be

smaller when the tasks are MC than when they are MI. The

reduced crosstalk might emerge for MC pairings from a

learned tendency to bind visual stimuli with manual

responses (e.g., responding with our hands to items in the

visual environment) and to bind audition with vocalization

(e.g., responding vocally to questions in oral communica-

tion) (Ruthruff, Hazeltine, & Remington, 2006; Stelzel,

Schumacher, Schubert, & D’Esposito, 2006). Alternatively,

crosstalk might be less for MC pairings due to differences

among the central codes associated with response selection

(Hazeltine, Ruthruff, & Remington, 2006). Finally,

reduced crosstalk in MC pairings might emerge from the

anticipated sensory consequences of the response associ-

ated with the sensory input (e.g., in an AV task, the vocal

response produces auditory sensory feedback, which cor-

responds to the auditory sensory input) (Greenwald, 1970;

Greenwald & Shulman, 1973; Stephan & Koch, 2016).

Stephan and Koch (2010) used spatially compatible

stimuli to examine the influence of modality pairings on

switch costs. In the MC condition, participants unpre-

dictably switched between viewing visual stimuli presented

on the left or right side of the monitor and responding with

the left or right arrow key (VM task), and hearing tones

presented in either the left or right ear and responding by

vocalizing the German words ‘‘links’’ (left) or ‘‘rechts’’

(right), respectively (AV task). In the MI condition, the

modality pairings were reversed so participants were

required to say ‘‘links’’ (left) or ‘‘rechts’’ (right) in response

to visual stimuli (VV task), or respond manually after

hearing tones presented in either the left or right ear (AM

task). Switch costs were greater for the MI tasks than for

the MC tasks, leading the authors to conclude that switch

costs are affected by the particular combination of stimulus

and response modalities.

Stephan and Koch (2011) noted that dimensional over-

lap (DO)—‘‘the degree to which two sets of items have

properties or attributes in common, and the degree to which

such attributes are similar to one another’’ (Kornblum,

1992, p. 749; see also, Kornblum, Hasbroucq, & Osman,

1990; Kornblum & Lee, 1995)—might have driven their

original findings. When the stimulus and response sets vary

along the same or similar dimensions (e.g., space), a

stimulus is theorized to automatically activate its corre-

sponding response, resulting in facilitation if the stimulus–

response (S–R) mapping is compatible and interference if it

is incompatible. Stephan and Koch’s study (2010) had

significant DO within and across the two tasks (e.g., in the

VM task, participants responded to a left visual stimulus

with a left key press, but the left visual stimulus is also

compatible with the vocal response ‘‘left’’ of the AV task).

Thus, there was DO both within and between tasks. Ste-

phan and Koch (2011) noted that the use of spatial stimuli

and responses may have led to increased interference

between tasks, so they were unable to delineate the specific

influences that DO and modality compatibility have on

switch costs.

To address this issue, Stephan and Koch (2011) used

stimuli and responses without DO. As in the original study,

participants were required to switch unpredictably between

VM and AV tasks in the MC condition, and between VV

and AM tasks in the MI condition. In the MC condition,

participants responded to a visually presented white square

or circle by pressing the ctrl and alt keys (VM task), and

they responded to the spoken letters ‘‘X’’ or ‘‘M’’ by saying

‘‘A’’ or ‘‘eins’’ (one) (AV task). In the MI condition, the

opposite arrangement was used. In both conditions, it was

assumed that there was no DO between the stimuli and

responses. Nonetheless, they found significantly greater

switch costs between MI tasks (VVAM), consistent with

Stephan and Koch (2010). Therefore, Stephan and Koch

(2011) attributed their findings of greater switch costs

between MI tasks to modality-specific crosstalk possibly

stemming from special linkages between modality pairings

(see also, Stephan & Koch, 2016).

Yet, while Stephan and Koch (2011) did indeed elimi-

nate the spatial compatibility that was present in their

initial study (2010), it remains possible that the difference

in switch costs stems from conceptual overlap, which exists

when components of the S–R set refer to related concepts

(e.g., Kornblum, 1992; Lu & Proctor, 2001; Proctor, Wang,

& Vu, 2002). In the MC AV condition, participants were

required to respond to the spoken letters ‘‘X’’ or ‘‘M’’ by

saying ‘‘A’’ or ‘‘eins’’. These stimuli and responses both

refer to alphanumeric characters and are, thus, conceptually

related. Therefore, there was conceptual overlap within the

AV task, which may have facilitated performance in the

MC condition. In contrast, in the MI condition, the con-

ceptual overlap was between tasks, as the letter stimuli

belonged to the AM task but the alphanumeric responses

belonged to the VV task. This may have increased crosstalk

between the two tasks and interfered with performance.

By conceptual overlap we refer to an abstract relation-

ship between the set of stimuli and the set of responses.

This differs from DO in that conceptual overlap does not
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require that individual stimuli correspond with individual

responses (e.g., Fitts & Deininger, 1954). Rather, concep-

tual overlap can exist on the set level such that the set of

stimuli is related to the set of responses even if there is no

shared dimension creating a correspondence between

individual stimuli and individual responses (e.g., Fitts &

Seeger, 1953). In the context of the Stephan and Koch

(2011) experiment, conceptual overlap exists between the

shared verbal codes of the alphanumeric stimulus and the

alphanumeric response (e.g., Wickens, Sandry, & Vidulich,

1983). However, conceptual overlap might take other

forms as well, depending on the categories that apply to the

sets of stimuli and responses (e.g., if the stimuli had been

animal pictures and the responses had been sounds that

animals make).

Note that in many experiments, conceptual overlap is

present in MC tasks. For example, many AV tasks are MC

and share overlapping verbal codes when both the stimuli

and responses are categorically related words. Thus,

modality compatibility can also affect the amount of con-

ceptual overlap. Nonetheless, we make the distinction

between the effects of particular combinations of input

(e.g., visual and auditory) and output modalities (e.g.,

manual and vocal) and the effects of conceptual relation-

ships between stimuli and responses when they involve

verbal labels or abstract categories. Consequently, the

present experiments explore the possibility that this type of

conceptual overlap may have driven differences in switch

costs observed by Stephan and Koch (2011). Specifically,

we test whether the use of letters as stimuli and letters and

numbers as responses can affect switch costs when they

belong to the same or different tasks.

In addition to switch costs, we also examine mixing

costs. Mixing costs are the performance differences

between task-repeat (i.e., non-switch) trials in blocks

containing both tasks and single-task trials in pure blocks.

They are thought to reflect either an increase in working

memory load associated with the maintenance of two task

sets (Braver, Reynolds, & Donaldson, 2003; Los, 1996) or

conflict associated with the ambiguity regarding which task

to perform (Rubin & Meiran, 2005). These potential

sources suggest that conceptual overlap and modality

compatibility may affect mixing costs as well as switch

costs. If maintenance in working memory drives mixing

costs, then when two tasks involve similar codes, the load

on working memory may be greater. The similarity among

codes could be driven by conceptual overlap or it could be

driven by the modality pairings. For example, if both

auditory word stimuli and vocal responses engage similar

codes, then having two tasks use such codes, as in the MI

condition, could create larger mixing costs. Alternatively,

if task ambiguity drives mixing costs, then a tendency to

respond vocally to auditory stimuli or manually to visual

stimuli, or to respond to alphanumeric stimuli with

alphanumeric responses, would produce greater mixing

costs for the MI pairs.

Therefore, we examined whether differences in switch

and mixing costs are driven by conceptual overlap or

modality pairings. In Experiment 1, we independently

manipulated modality pairings and conceptual overlap to

determine which of these drives switch and mixing costs.

In Experiment 2, we reduced conceptual overlap between

S–R task sets, allowing us to examine the influence of

modality compatibility on switch costs without conceptual

overlap.

Experiment 1

The goal of Experiment 1 was to determine whether the

conceptual overlap between the stimuli and responses in

Stephan and Koch (2011) may have affected the switch

costs. We manipulated whether conceptual overlap existed

within tasks for the MC pairings (as in Stephan & Koch,

2011) or for the MI pairings. Experiment 1a was a near

replication of Stephan and Koch (2011), in which con-

ceptual overlap was present within the AV task of the MC

condition, as participants were required to respond to

aurally presented letters, ‘‘M’’ or ‘‘X’’, by saying ‘‘A’’ or

‘‘one’’, but present across tasks in the MI condition (i.e.,

the auditory alphanumeric stimuli were present in the AM

task, whereas the vocal alphanumeric responses were pre-

sent in the VV task) (Fig. 1a). Experiment 1b used dif-

ferent stimuli to reverse this arrangement as conceptual

overlap was present within the VV task of the MI condi-

tion, as participants were now required to respond to

visually presented letters, ‘‘M’’ or ‘‘X’’, by saying ‘‘A’’ or

‘‘one’’. In the MC condition, the conceptual overlap was

present across tasks (i.e., the visual alphanumeric stimuli

were present in the VM task, whereas the vocal alphanu-

meric responses were present in the AV task) (Fig. 1b). If

switch costs are determined by modality pairings but not

conceptual overlap, then greater switch costs in the MI

tasks in both Experiments 1a and 1b should be observed.

However, if the switch costs are influenced by conceptual

overlap, then smaller switch costs in the modality pairing

containing the task with conceptual overlap (Exp. 1a:

VMAV; Exp. 1b: VVAM) should be observed.

Method

Participants

Forty-eight students from the University of Iowa partici-

pated in partial fulfillment of a requirement for an intro-

ductory psychology course. Data from 16 participants were
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discarded and not analyzed due to equipment failure,1

leaving 32 total participants whose data were analyzed (21

female, Mage 19.09, SDage 1.12). The number of subjects

whose data were analyzed in each experiment (i.e., 16) was

the same as in Stephan and Koch (2011). Participants were

evenly assigned to one of two experiments: 1a (13 female,

Mage 18.75, SDage 1.06) or 1b (8 female, Mage 19.44, SDage

1.09). Vision and hearing were reported as normal or

corrected-to-normal. Consent was obtained prior to the

experiment. All methods and procedures were approved by

the Institutional Review Board at the University of Iowa.
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Fig. 1 Task procedure used for

Experiments 1a and 1b. In

Experiment 1a (a), conceptual

overlap was present in the AV

task in the MC condition. In

Experiment 1b (b), conceptual

overlap was present in the VV

task in the MI condition

1 We defined ‘equipment failure’ as vocal response accuracy less

than 0.70. This was caused by our speech recognition program

inaccurately identifying vocal responses. Of the subjects we dis-

carded, average accuracy on vocal trials was: Exp. 1a: 0.48; Exp. 1b:

0.55; Exp. 2: 0.56. We set a criterion of 0.70 and subjects whose data

did not meet that criterion were not analyzed further.
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Stimuli and apparatus

The experiment was conducted using Microsoft Visu-

alBasic software with the Microsoft Speech Recognition

API (version 8.0).

Experiment 1a

The stimuli were designed to match those used in Experi-

ment 1 of Stephan and Koch (2011). Visual stimuli were a

white circle (3 cm 9 3 cm) or white square

(3 cm 9 3 cm) on a black background presented on a

19-in. computer monitor located 57 cm from the partici-

pant. Auditory stimuli were the spoken letters ‘‘M’’ and

‘‘X’’ presented binaurally via headphones (350 ms dura-

tion). The responses were also the same as in Stephan and

Koch (2011), except that English words were used. Manual

responses were the leftmost ctrl and alt keys on a standard

QWERTY keyboard. Participants responded with the index

and middle finger of their right hand, which differs from

Stephan and Koch (2011) who had participants respond

with the index finger of their left and right hands. Vocal

responses were ‘‘A’’ or ‘‘one’’. Vocal responses were

gathered via microphone attached to the headphones. The

MC condition (VMAV) required participants to respond to

a visually presented white square or white circle by

pressing ctrl or alt (VM), and respond to the aurally pre-

sented letters ‘‘M’’ or ‘‘X’’ by saying ‘‘A’’ or ‘‘one’’ (AV).

The MI condition (VVAM) reversed these S–R pairings, so

that participants responded to a visually presented white

square or white circle by saying ‘‘A’’ or ‘‘one’’ (VV), and

responded to the aurally presented letters ‘‘M’’ or ‘‘X’’ by

pressing ctrl or alt (AM) (see Fig. 1a). We counterbalanced

between participants the four possible combinations of

stimulus–response mappings across the two tasks. Task

order was also counterbalanced across participants.

Experiment 1b

Visual stimuli were the letters M and X in white color

presented centrally on the screen for 350 ms (Arial font,

visual angle: * 3�). Auditory stimuli were two easily

distinguishable sounds, a ‘‘static’’ sound and a ‘‘garble’’

sound. Responses were the same as in Experiment 1a:

participants responded manually by pressing ctrl/alt or

vocally by saying ‘‘A’’/’’one.’’ In the MC condition

(VMAV), participants respond to the visually presented

letters ‘‘M’’ or ‘‘X’’ by pressing ctrl or alt (VM), and

respond to the static and garble sounds by saying ‘‘A’’ or

‘‘one’’ (AV). In the MI condition (VVAM), participants

respond to the visually presented letters ‘‘M’’ or ‘‘X’’ by

saying ‘‘A’’ or ‘‘one’’ (VV), and respond to the sounds by

pressing ctrl or alt (AM) (see Fig. 1b). As in Experiment

1a, there were four possible combinations of mappings

across the two tasks, and these mappings and the task order

were counterbalanced between participants.

Procedure

Participants first completed a speech recognition training

program (Windows Speech Recognition software) to train

the computer software to recognize their voice. Task

instructions were presented prior to each block. The

instructions emphasized both speed and accuracy.

Each trial began with the onset of the stimulus for

350 ms, followed by a response interval that lasted up to

3000 ms. If the response was correct, no feedback was

presented and the trial was terminated immediately after

the response, with the next stimulus presented after a

2500 ms response–stimulus interval (RSI). If the response

was incorrect or the allotted response interval had elapsed,

participants were shown the words ‘‘incorrect response’’

followed by their response in red and the words ‘‘correct

response’’ with the correct response for the trial in green

for 1000 ms, thereby increasing the RSI to 3500 ms.

Therefore, the overall RSI was either 2500–3500 ms,

which is longer than the RSI of Stephan and Koch (2011)

(RSI 600–1100 ms).

Following the procedure of Stephan and Koch (2011),

each participant completed both a MC and a MI condition,

with the order counterbalanced across participants. Each

condition consisted of two single-task blocks and two

mixed blocks. At the start of the MC condition, participants

first completed two single-task blocks (VM and AV).

Single-task blocks consisted of 48 trials, with the first eight

trials being treated as practice. Following completion of the

single-task blocks, participants then completed two mixed

blocks containing the two MC tasks. Mixed blocks con-

sisted of 80 trials (40 VM, 40 AV) each with the first four

trials used as practice. The MI condition followed the same

pattern, with the exception that participants performed AM

and VV tasks. The overall task procedure was the same as

in Stephan and Koch (2011), with the exception that we did

not provide 48 practice mixed trials prior to the mixed

blocks and that we presented stimuli in a predictable order

(AABB) (e.g., Rogers & Monsell, 1995) instead of an

unpredictable order.

In the mixed blocks, the task predictably switched every

other trial. Because the stimuli were univalent, no addi-

tional switch cues were used. The stimuli were presented

randomly, with the only constraint being that each stimulus

appeared equally frequently. At the completion of each

block, participants received feedback about accuracy and

RT. Completion of the entire experiment took between 45

and 60 min.
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Statistical analysis

All statistical procedures were the same as those used by

Stephan and Koch (2011). For single-task blocks, we per-

formed an ANOVA with the independent variable of

modality compatibility (MC, MI) to examine differences in

performance between MC and MI pairings. For the mixed

blocks, we performed a repeated-measures ANOVA with

the independent within-subject variables of modality

compatibility [MC (VMAV) vs. MI (VVAM)] and task

transition (repeat vs. switch).

As in Stephan and Koch (2010, 2011), RTs and error

rates were collapsed across the two tasks in the MC (VM,

AV) and MI (VV, AM) conditions. All responses given

within the first 200 ms (2.1%) after stimulus onset or any

RTs greater than 2000 ms (1.2%) were excluded, as they

were outliers and most likely voice-key artifacts. Addi-

tionally, all trials for which no response was detected were

removed from analysis (1.7%). In sum, we removed 5.0%

of trials from our final analysis.

Results and discussion

Single task

Experiment 1a There was no significant difference in

single-task performance between modality pairings on

single tasks for both RT (MC 695 ms; MI 694 ms), F(1,

15) = 0.003, p = 0.959, and ER (MC 4.1; MI 4.5), F(1,

15) = 0.306, p = 0.589 (Table 1). These findings differed

from those of Stephan and Koch (2011), who reported

significantly greater RT on MC pairings (458 ms) com-

pared to MI pairings (381 ms). Stephan and Koch sug-

gested that any advantage for the single-task MI blocks

should result in smaller switch costs and lower ER on task-

switching blocks, which they did not find.

We observed larger RTs on our tasks than Stephan and

Koch (2011). There are a few possibilities for the differ-

ence: (1) we had participants respond manually with only

their right hand, whereas Stephan and Koch had partici-

pants respond with the index fingers of their left and right

hands; (2) the speech recognition software we used iden-

tifies the beginning of the word onset after recognizing it

rather than using a simple volume threshold; (3) differ-

ences in stimuli or volume levels; and (4) we used a longer

RSI than Stephan and Koch (2011). Note that our primary

measures of switch and mixing costs were calculated as the

differences in RT between certain trial types. Therefore,

any methodological differences resulting in larger RT

would be subtracted out when calculating switch and

mixing costs because we observed larger RTs in both pure

and mixed blocks. Indeed, our switch costs were similar to

those reported by Stephan and Koch (2011).

Experiment 1b Unlike Experiment 1a, our ANOVA

revealed significant differences in single-task performance

between MC (754 ms) and MI pairings (626 ms) for both

RT, F(1, 15) = 19.465, p = 0.001, MSE = 131,200.031,

gp
2 = 0.565, and ER (MC 6.7; MI 4.5), F(1, 15) = 9.511,

p = 0.008, MSE = 0.004, gp
2 = 0.388 (Table 1). In short,

participants’ performance was faster and more accurate on

MI pairings compared to MC pairings, similar to Stephan

and Koch (2011).

Task-switching

Experiment 1a With regard to switch costs, our results

nearly replicated those of Stephan and Koch (2011). We

observed significant effects of task transition F(1,

15) = 63.858, p\ 0.001, MSE = 287,899.316,

gp
2 = 0.810, indicating higher RTs on switch trials

(925 ms) than on repeat trials (790 ms), and, more

importantly, a modality pairing x task transition interaction

F(1, 15) = 5.799, p = 0.029, MSE = 14,057.066,

gp
2 = 0.279, indicating that participants showed smaller

switch costs on MC tasks (105 ms) compared to MI tasks

(164 ms). This finding is consistent with that of Stephan

and Koch (2011), who found also found smaller switch

costs between MC tasks (95 ms) compared to MI tasks

(177 ms). However, the main effect of modality pairing

(the average RT of both repeat and switch trials combined)

was only marginally significant F(1, 15) = 3.043,

p = 0.102, MSE = 86,178.941, gp
2 = 0.169 (Table 1,

Fig. 2), with greater overall RT on MI (894 ms) than MC

(820 ms) tasks. In sum, as in Stephan and Koch (2011),

switch costs were smaller for the MC condition in which

there was conceptual overlap within the AV task.

The same repeated-measures ANOVA was used to

analyze ER. There were no significant differences between

pairings (MC 7.1; MI 7.0), F(1, 15) = 0.004, p = 0.951,

nor a significant interaction F(1, 15) = 0.138, p = 0.715.

However, there was a significant effect of task transition,

F(1, 15) = 5.510, p = 0.033, MSE = 0.008, gp
2 = 0.269,

indicating that participants had greater ER on switch trials

(8.2) than on repeat trials (5.9). These results nearly

replicate those of Stephan and Koch, although they found

larger ER in MI tasks compared to MC tasks.

Experiment 1b There was a significant effect of task

transition, F(1, 15) = 71.509, p\ 0.001,

MSE = 285,423.062, gp
2 = 0.827, indicating greater RT on

switch trials (911 ms) than on repeat trials (778 ms), but no

significant effect of modality pairing (MC 867 ms; MI

821 ms), F(1, 15) = 2.042, p = 0.174, and no significant

interaction, F(1, 15) = 2.457, p = 0.138. While not sig-

nificant, there was a trend toward greater switch costs

between MC tasks (147 ms) compared to those between MI

Psychological Research (2019) 83:1020–1032 1025

123



tasks (120 ms) (Fig. 3). These results contrast those of

Experiment 1a (and Stephan & Koch, 2011) suggesting that

conceptual overlap may have been driving the greater

switch costs in MI tasks.

Analysis of ER revealed a similar pattern: significant

effect of task transition, F(1, 15) = 6.710, p = 0.020,

MSE = 0.012, gp
2 = 0.309, with greater ER on switch tri-

als (9.4) than on repeat trials (6.8), but no significant effect

of modality pairing (MC 8.0; MI 8.2), F(1, 15) = 0.034,

p = 0.856, or an interaction F(1, 15) = 1.081, p = 0.315.

Cross-experiment analysis To demonstrate that concep-

tual overlap significantly affected the switch costs, we

conducted a two-factor ANOVA with switch costs (RT on

switch trials–RT on repeat trials) as our dependent variable,

modality compatibility (MC or MI) as our within-subjects

factor, and experiment (1a or 1b) as our between-subjects

Table 1 Mean RTs and error

rates for Experiments 1a (top),

1b (middle), and 2 (bottom)

Modality compatibility Single task Repeat Switch Switch costs Mixing costs

Experiment 1a

Compatible (VMAV)

RT 695 (27) 768 (32) 873 (41) 105 73

Error rate 4.1 (0.9) 6.1 (1.3) 8.0 (1.7) 1.9 2.0

Incompatible (VVAM)

RT 694 (35) 812 (45) 976 (53) 164 118

Error rate 4.5 (1.1) 5.7 (1.1) 8.3 (1.8) 2.6 1.2

Experiment 1b

Compatible (VMAV)

RT 754 (33) 794 (36) 940 (47) 147 40

Error rate 6.7 (1.3) 6.3 (1.0) 9.7 (1.5) 3.4 - 0.4

Incompatible (VVAM)

RT 626 (35) 761 (38) 881 (39) 120 135

Error rate 4.5 (1.0) 7.2 (0.9) 9.1 (1.2) 1.9 2.7

Experiment 2

Compatible (VMAV)

RT 707 (40) 758 (37) 881 (40) 124 51

Error rate 4.8 (1.1) 7.4 (1.4) 9.8 (1.4) 2.4 2.6

Incompatible (VVAM)

RT 650 (30) 807 (43) 937 (40) 130 157

Error rate 5.6 (1.9) 7.4 (1.3) 11.3 (1.6) 3.9 1.8
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Fig. 2 Switch costs for all experiments. Switch costs were averaged

across the two compatible (VM, AV) and two incompatible (VV,

AM) tasks. Experiment 1a replicated Stephan and Koch (2010) by

having conceptual overlap in a compatible condition (AV), whereas

Experiment 1b had conceptual overlap in an incompatible task (VV).

Experiment 2 minimized conceptual overlap in all conditions. Errors

bars represent standard error of the mean. Light gray bars represent

tasks with conceptual overlap within a task, black bars represent tasks

with conceptual overlap between tasks, and medium gray bars

represent tasks with no conceptual overlap
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factor. Our analysis revealed non-significant effects of

modality pairing, F(1, 30) = 1.181, p = 0.286, and

experiment, F(1, 30) = 0.001, p = 0.977, but a significant

interaction between modality pair and experiment, F(1,

30) = 8.221, p = 0.008, MSE = 29,283.766, gp
2 = 0.215.

Thus, there were smaller switch costs in the modality

pairing containing conceptual overlap (Exp. 1a: VMAV;

Exp. 1b: VVAM), indicating that switch costs were sig-

nificantly affected by conceptual overlap and not modality

compatibility.

Mixing costs

Experiment 1a We performed a repeated-measures

ANOVA with modality pairing (MC or MI) and trial type

(mixed repeat vs. single task) as factors. We observed a

significant effect of trial type, F(1, 15) = 32.243,

p\ 0.001, MSE = 144,020.250, gp
2 = 0.682, indicating

greater RT on repeat trials (790 ms) than on single-task

trials (695 ms), but we did not observe a significant effect

of modality pairing (MC 732 ms, MI 753 ms), F(1,

15) = 0.671, p = 0.425, or a significant interaction, F(1,

15) = 1.611, p = 0.224, (MC 73 ms, MI 118 ms).

Experiment 1b We observed significant effects of modality

pairing, F(1, 15) = 8.914, p = 0.009, MSE = 104,248.266,

gp
2 = 0.373, indicating greater RTs on MC tasks (774 ms)

than on MI tasks (693 ms); trial type (repeat vs. single-task),

F(1, 15) = 13.540, p = 0.002, MSE = 123,816.016,

gp
2 = 0.474, indicating greater RTs on repeat trials (778 ms)

compared to single-task trials (690 ms); and a modality

pairing 9 trial type interaction, F(1, 15) = 11.960,

p = 0.004, MSE = 36,528.766, gp
2 = 0.444, indicating that

participants showed smaller mixing costs on MC tasks

(40 ms) compared to MI tasks (135 ms).

Cross-experiment analysis Together, the results from

Experiments 1a and 1b suggest an effect of modality

compatibility, but not conceptual overlap, on mixing costs.

To confirm, we performed an additional repeated-measures

ANOVA with mixing costs (RT on repeat trials–RT on

single-task trials) as our dependent variable, modality

compatibility as a within-subjects factor, and experiment

(1a or 1b) as a between-subject factor. Neither the effect of

experiment, F(1, 30) = 0.055, p = 0.817, nor the interac-

tion, F(1, 30) = 1.356, p = 0.253, was significant, but

there was a significant effect of modality pairing, F(1,

30) = 9.957, p = 0.004, MSE = 78,260.062, gp
2 = 0.249

(Fig. 3), demonstrating larger mixing costs in MI tasks

(Exp. 1a: 118 ms; Exp. 1b: 135 ms) than in MC tasks (Exp.

1a 73 ms; Exp. 1b 40 ms). In short, mixing costs appear to

depend on modality compatibility rather than conceptual

overlap, contrasting switch costs.

Discussion

Experiments 1a and 1b examined the effect of conceptual

overlap and modality compatibility on switch and mixing

costs. Experiment 1a, in which conceptual overlap was

present within the MC AV task, replicated results previ-

ously reported by Stephan and Koch (2010, 2011), with

smaller switch costs between tasks in the MC condition. In

contrast, Experiment 1b, in which conceptual overlap was

present within the MI VV task, produced no significant

effect of modality compatibility on switch costs. However,

we observed numerically greater switch costs between MC

tasks.2 In sum, when the modality pairings and conceptual
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Fig. 3 Mixing costs for all

experiments. Mixing costs were

averaged across the two

compatible (VM, AV) and two

incompatible (VV, AM) tasks.

Error bars represent standard

error of the mean. Light gray

bars represent tasks with

conceptual overlap within a

task, black bars represent tasks

with conceptual overlap

between tasks, and medium gray

bars represent tasks with no

conceptual overlap

2 Mean RT in Experiment 1 did not significantly differ between the

two possible S–R mappings containing conceptual overlap, (e.g.,

M ? ‘‘A’’, X ? ‘‘one’’ vs. M ? ‘‘one’’, X ? ‘‘A’’), Exp. 1a:

t(14) = 0.947, p = 0.360; Exp. 1b: t(14) = 1.795, p = 0.094]. The

absence of a significant effect is consistent with our proposal that the

conceptual overlap does not rely on dimensional overlap leading to

individual stimuli differentially activating specific responses, as when

there is element level compatibility (e.g., Fitts & Seeger, 1953;

Kornblum et al., 1990).
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overlap were manipulated independently, switch costs were

smaller when there was conceptual overlap between the

stimuli and responses within a task (Exp. 1a: MC–AV;

Exp. 1b: MI–VV) than between tasks (Exp. 1a: MI; Exp.

1b: MC).

The analysis of mixing costs revealed a different pattern.

Mixing costs were smaller for MC pairs compared to MI

pairs regardless of whether the conceptual overlap between

the stimuli and responses was within or between tasks.

These findings may reflect the difficulty of actively main-

taining two tasks in working memory, possibly due to

increases in working memory (WM) load (Los, 1996). For

example, if the letter stimuli and vocal responses tapped

the same WM subsystem, it may be more efficient to

encode the S–R mappings when those stimuli and

responses belong to the same task. In contrast, when the

verbal stimuli and verbal responses belong to separate

tasks, additional control may be necessary to access the

correct mappings when both tasks must be actively main-

tained. It is also possible that the effect of modality pair-

ings on mixing costs is due to increased interference

between MI tasks (Rubin & Meiran, 2005). If there is a

learned tendency to bind auditory stimuli and vocal

responses or visual stimuli and manual responses (Ruthruff

et al., 2006; Stelzel et al., 2006), then MI tasks may place

greater demands on control processes to overcome this

tendency.

Returning to the switch costs, it remains possible that an

effect of modality pairings on switch costs was masked by

the effects of conceptual overlap, given that we did not

attempt to manipulate modality pairings without concep-

tual overlap. This is what we did in Experiment 2, which

also provided an opportunity to confirm that the modality

pairings affect mixing costs, this time under conditions

without conceptual overlap.

Experiment 2

Given that conceptual overlap appears to affect switch

costs, we devised new stimulus and response pairings

with minimal conceptual overlap within or between

tasks. This was done by eliminating the alphanumeric

stimuli and responses across all modalities. Given that

we do not have an independent measure of conceptual

overlap, we cannot be certain that it was completely

eliminated with these stimuli and responses. However,

we assumed that this change reduced conceptual over-

lap, and we determined how this affected switch and

mixing costs.

Method

Participants

Twenty-four undergraduate students who had not partici-

pated in Experiments 1a or 1b, participated in partial ful-

fillment of an introductory psychology course requirement.

Data from eight participants were discarded and not ana-

lyzed due to equipment failure, leaving 16 total participants

(12 female, Mage 18.82, SDage 0.98) whose data were

analyzed. Vision and hearing were reported as normal or

corrected-to-normal.

Stimuli and apparatus

Visual stimuli were a red square (3 cm 9 3 cm) and a

white heart (3 cm 9 3 cm) centrally presented on the

monitor. Auditory stimuli were a dog’s bark and a trumpet

(11,025 Hz, 350 ms duration). Manual responses were the

period (.) and comma (,) keys on a standard QWERTY

keyboard. Vocal responses were the words ‘‘boo’’ and

‘‘bee’’. These S–R pairings were chosen as to be com-

pletely arbitrary with minimal conceptual overlap between

a stimulus and a response [e.g., there is no conceptual

relationship between a comma (,) and a dog’s bark]

(Fig. 4).

Procedure

The procedure for Experiment 2 was the same as that for

Experiments 1a and 1b. As in those experiments, there

were four possible combinations of mappings, and the

mappings and task order were counterbalanced across

subjects.

Statistical analysis

For RT analysis, we discarded trials in which responses

were less than 200 ms (2.3%), greater than 2000 ms

(1.4%), and trials in which no response was detected

(1.8%), resulting in 5.5% of trials being excluded from our

final analysis.

Results and discussion

Single task

Performance on MC single-task blocks (707 ms) was

marginally slower than performance on MI (650 ms) sin-

gle-task blocks, F(1, 15) = 3.789, p = 0.071,

1028 Psychological Research (2019) 83:1020–1032

123



MSE = 25,963.508, gp
2 = 0.202. There was no difference

in ER (MC 4.8; MI 5.6), F(1, 15) = 0.257, p = 0.620.

These findings were similar to those reported by Stephan

and Koch (2011) and Experiment 1b but contrast our

results from Experiment 1a, which revealed no differences

in RT between modality pairings.

Task-switching

There was a significant effect of task transition, F(1,

15) = 105.047, p\ 0.001, MSE = 266,965.97,

gp
2 = 0.875, indicating greater RTs on switch trials

(909 ms) compared to repeat trials (783 ms), but neither

modality pairing (MC 872 ms; MI 820 ms), F(1,

15) = 2.925, p = 0.108, nor the interaction, F(1,

15) = 0.251, p = 0.624, were significant. These results

demonstrate that when conceptual overlap is reduced,

switching between MC tasks (124 ms) does not differ

significantly from switching between MI tasks (130 ms)

(Table 1, Fig. 2).

The same ANOVA on ER revealed a significant effect

of task transition, F(1, 15) = 14.897, p = 0.002,

MSE = 0.014, gp
2 = 0.498, revealing higher ER on switch

trials (10.6) compared to repeat trials (7.4), but, as with RT,

neither modality pairing (MC 8.6; MI 9.4), F(1,

15) = 0.375, p = 0.549, nor the interaction, F(1,

15) = 1.327, p = 0.267, were significant.

Mixing costs

We again analyzed mixing costs to determine whether they

are affected by modality compatibility in the absence of

conceptual overlap (Fig. 3). We observed a significant

effect of trial type (repeat or single-task), F(1,

15) = 27.244, p\ 0.001, MSE = 172,952.013,

gp
2 = 0.645, indicating greater RT on repeat trials (783 ms)

than on single-task trials (679 ms), and a significant

modality pairing 9 trial type interaction, F(1,

15) = 7.249, p = 0.017, MSE = 44,785.141, gp
2 = 0.326,

indicating that participants showed smaller mixing costs on

MC tasks (51 ms) than on MI tasks (157 ms). However,

our effect of modality pairing was not significant, F(1,

15) = 0.040, p = 0.003, as we observed similar overall RT

on MC (732 ms) and MI (728 ms) tasks.

Discussion

In Experiment 2, we examined the manner in which

modality compatibility, with minimal conceptual overlap,

affects switch and mixing costs. When conceptual overlap

was reduced, we observed no significant differences

between MC and MI pairings, suggesting that conceptual

overlap may have contributed to a previous observation of

greater switch costs in MI pairs (Stephan & Koch, 2011).

Consistent with our mixing costs results from Experiments

1a and 1b, we again observed larger mixing costs in MI

pairs, further demonstrating the importance of modality

compatibility in mixing costs.

General discussion

The present study examined whether conceptual overlap

between stimuli and responses affects switch and mixing

costs in MC and MI tasks. Experiment 1a was a near

replication of Stephan and Koch (2011), in which con-

ceptual overlap was present in the MC AV task. In

Experiment 1b, we introduced conceptual overlap to the MI

VV task and reduced it in the MC AV task. We observed

smaller switch costs in the conditions containing concep-

tual overlap [Exp. 1a: MC (VMAV); Exp. 1b: MI

(VVAM)], indicating an effect of conceptual overlap on

task-switching. Lastly, to determine whether modality

compatibility effects indeed interact with switching pro-

cesses, we minimized conceptual overlap both within and

between task sets in Experiment 2. We observed no effect

of modality compatibility on switch costs, demonstrating

that Experiments 1a and 1b, as well as a previous report

observing modality-specific influences in task-switching

(Stephan & Koch, 2011), may have been influenced by the

presence of conceptual overlap within one of the tasks.

Although the present findings suggest that conceptual

overlap rather than modality pairings drive switch costs,

some limitations of the current study should be kept in

mind. First, we attempted only a single set of stimuli and

responses in Experiment 2 and we have no independent

measure of conceptual overlap. Thus, it is possible that our

conclusion that conceptual overlap plays a role in switch
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costs does not generalize to other stimulus or response sets.

Second, the proposal that conceptual overlap, and not

modality pairings, drives switch costs does not have much

explanatory power for the results of Stephan and Koch

(2010; see also, Fintor, Stephan, & Koch, 2017; Stephan &

Koch, 2016). In those experiments, the stimuli and

responses for both tasks were spatial, so there was robust

dimensional overlap both within and between tasks in both

the MC and MI conditions. Nonetheless, a strong effect of

modality compatibility on switch costs was observed. Such

a finding indicates that this picture is more complicated

than the results of the current experiments suggest. It is

possible, for example, that there is greater conceptual

overlap between the visuospatial stimuli and the manual

responses than between the visuospatial stimuli and the

vocal responses, but without an independent measure of

conceptual overlap, this is impossible to verify. Alterna-

tively, modality compatibility may play a role in switch

costs under some conditions, such as when there is con-

ceptual overlap both within and between tasks. However, it

may be difficult to empirically differentiate this hypothesis

from the previous one. In sum, further work is required

before the contributions of conceptual overlap and

modality pairings on switch costs are understood. For the

present, we emphasize that conceptual overlap can play a

role.

To account for the influence of modality compatibility

in task-switching, Stephan and Koch (2011) attributed their

findings to crosstalk resulting from special linkages

between particular modalities (see also, Hazeltine et al.,

2006; Ruthruff et al., 2006; Stephan & Koch, 2016).

However, we propose that switch costs may have been

driven by crosstalk in the conceptual domain. Specifically,

switch costs may be affected by unwanted interactions

between alphanumeric codes associated with one stimulus

set and one response set. For example, the MI task in

Experiment 1a required participants to respond to visually

presented shapes by saying ‘‘A’’ or ‘‘one’’, or to respond

manually to the aurally presented letters ‘‘M’’ or ‘‘X’’. The

alphanumeric codes that are present across tasks may have

increased the similarity between the tasks, making it harder

to reconfigure central operations or causing greater proac-

tive interference.

This proposal raises the question of whether conceptual

overlap facilitates performance (i.e., reduces switch costs)

when the crosstalk is within a task (as in the MC task in

Experiment 1a) or interferes with performance (i.e.,

increases switch costs) when the crosstalk is between tasks

(as in the MI task in Experiment 1a). That is, conceptual

overlap might reduce switch costs by activating the

appropriate response set based on the category of a stim-

ulus (Kornblum, 1992; Kornblum et al., 1990; Kornblum &

Lee, 1995). In the context of the present study, this would

occur when both the stimulus and response of a task were

alphanumeric characters. Yet, with our current design,

whenever conceptual overlap was present within a task in

one modality pairing condition, it was present between

tasks in the other modality pairing condition. Thus, it might

also be the case that conceptual overlap might increase

switch costs by activating the inappropriate response set.

Given our assumption that Experiment 2 provided a

condition with minimal conceptual overlap, we compared

the switch costs in Experiment 2 to those observed in

Experiments 1a and 1b to obtain preliminary evidence as to

whether conceptual overlap within a task reduced switch

costs or conceptual overlap between tasks increased switch

costs. Although the stimuli and responses differed across

the experiments, the designs were identical and overall

performance was very similar, so comparisons may provide

some preliminary clues regarding the source of the differ-

ences in the switch costs.

Thus, we performed one-way ANOVAs to compare

switch costs between tasks with the same modality pairings

that differed in terms of whether there was conceptual

overlap within tasks or minimal conceptual overlap (e.g.,

comparing VMAV with conceptual overlap within tasks in

Experiment 1a to VMAV with minimal conceptual overlap

in Experiment 2). There were no significant differences in

switch costs when comparing the MC tasks of Experiment

1a (105 ms) and Experiment 2 (124 ms), F(1, 30) = 0.506,

p = 0.483, or when comparing the MI tasks of Experiment

1b (120 ms) and 2 (130 ms), F(1, 30) = 0.404, p = 0.530.

In short, switch costs for tasks with conceptual overlap

within a task do not significantly differ from switch costs

for tasks without conceptual overlap, suggesting that con-

ceptual overlap may not actively reduce switch costs,

although there was a nonsignificant trend in both types of

tasks for the conceptual overlap task to have numerically

smaller costs.

It is also possible that conceptual overlap interferes with

performance when it exists between tasks (i.e., conceptual

crosstalk). When comparing the tasks with conceptual

overlap between tasks in Experiments 1a and 1b to the task

with the same modality pairing with minimal conceptual

overlap in Experiment 2, we again found no significant

differences in switch costs between the MI tasks of

Experiments 1a (164 ms) and 2 (130 ms), F(1,

30) = 1.164, p = 0.289, or between the MC tasks of

Experiments 1b (147 ms) and 2 (120 ms), F(1,

30) = 0.798, p = 0.379. However, switch costs were

numerically greater in the between-task conditions in

Experiments 1a and 1b and Experiment 2 than between the

within-task conditions in Experiments 1a and 1b and

Experiment 2. Taken together, these results suggest that

conceptual overlap between tasks may increase switch

costs. However, given that none of the differences were
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significant, further research is necessary to establish the

within- and between-task effects of conceptual overlap on

switch costs.

Mixing costs, on the other hand, showed a different

pattern from switch costs: They were not significantly

affected by conceptual overlap but depended on modality

compatibility. This is consistent with the proposal that

the two types of costs have different sources (see, Braver

et al., 2003). Switch costs are thought to emerge from

transient, trial-to-trial carry-over effects (Allport et al.,

1994) or to reflect the time it takes for control processes

to reconfigure the cognitive system for the upcoming task

(Rogers & Monsell, 1995). In contrast, mixing costs are

thought to stem from working memory load, as the two

tasks must be kept active in working memory (Los,

1996; Braver et al., 2003), or from top–down control

managing competition between the tasks (Rubin &

Meiran, 2005). It may be that the S–R mappings for the

two MC tasks tap more distinct sets of working memory

subsystems (e.g., Baddeley, 1986) or are maintained in a

way that produce less cross-task interference than the MI

tasks. That is, if tasks share working memory subsys-

tems, then mixing costs might be larger when both tasks

must be kept active because of the greater load on the

shared subsystems. Alternatively, a tendency to respond

manually to visual information and/or vocally to auditory

information may increase the need for control processes

during the MI tasks to ensure that the appropriate task

set is executed.

In sum, the current results highlight the different roles of

conceptual overlap and modality compatibility in the per-

formance of alternating tasks, as conceptual overlap affects

switch costs, whereas modality pairings play the larger role

in mixing costs. Much of the previous work examining

conceptual overlap was restricted to overlearned S–R

mappings, such as cases of spatial overlap (e.g., saying

‘‘left’’ in response to tones presented in the left ear) or

cases of ideomotor compatibility (e.g., saying ‘‘X’’ in

response to hearing the letter ‘‘X’’). In contrast, the present

data demonstrate the role of conceptual overlap at the set

level, indicating that the choice of stimuli and responses

may impact switching even when element-level S–R

compatibility does not appear affected. Modality pairings,

on the other hand, do not appear to affect switch costs

directly, at least with regard to the widely used modality

pairs examined here. However, modality pairings do

influence mixing costs, suggesting that they alter the

demands placed on control processes, consistent with

findings from the dual-task literature (Hazeltine et al.,

2006; Hazeltine & Ruthruff, 2006; Ruthruff et al., 2006;

Stelzel et al., 2006).
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