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Abstract 

In both the private and work spheres, multitasking among three or more 
activities has become and is continuing to evolve as a pervasive element of 
everyday life, and recent technological advances only seem to be exacerbating 
the process. Despite attempts to understand the mental processes that let 
humans successfully multitask, little is known about the functional cognitive 
level at which these mental processes take place. This thesis makes a case for 
the involvement of spatial ability (among other cognitive abilities) in 
successful multitasking behavior. It focuses on the importance of the cognitive 
off-loading of executive control demands onto spatial ability, due to the 
inherent complexity of relationships between task goals and deadlines in 
multitasking scenarios. Importantly, it presents a working hypothesis—the 
spatiotemporal hypothesis of multitasking—as a tool for making specific 
predictions about multitasking performance, based on individual and sex 
differences in spatial ability.  
 
In Study 1, individual differences in spatial ability and executive functions 
emerged as independent predictors of multitasking performance. When spatial 
ability was decomposed into its subcomponents, only the coordinate (metric), 
but not categorical (nonmetric), processing of spatial relations was related to 
multitasking performance. Males outperformed females in both spatial ability 
and multitasking, and the effects were moderated by menstrual changes, in 
that sex differences in coordinate spatial processing and multitasking were 
observed between males and females in the luteal phase of the menstrual 
cycle, but not between males and females at menses. In Study II, multitasking 
performance reflected age- and sex-related differences in executive 
functioning and spatial ability, suggesting that executive functions contribute 
to multitasking performance across the adult life span, and that reliance on 
spatial skills for coordinating deadlines is reduced with advancing age. The 
results of Study III, in which the spatiotemporal hypothesis was directly 
scrutinized, suggest that the spatial disruption of multiple deadlines interferes 
with multitasking performance. Overall, these findings suggest that 
multitasking performance, under certain conditions, reflects independent 
contributions of spatial ability and executive functioning. Moreover, the 
results support the distinction between categorical and coordinate spatial 
processing, suggesting that these two basic relational processes are selectively 
affected by female sex hormones and are differentially effective, even across 
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the age span, in transforming and handling temporal patterns as spatial 
relations in the context of multitasking. Finally, fluctuations of sex hormones 
exhibit a modulating effect on sex differences in spatial ability and 
multitasking performance. 
 
Keywords: multitasking, cognitive offloading, cognitive functions, individual 
differences, executive functions, spatial ability, sex differences 
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Svensk Sammanfattning 

 
En vanlig tidig morgon, barnen ska snart väckas, frukost, kaffe och varm 
choklad ska göras, kläder ska väljas och trötta barn ska tvingas in i dem. 
Samtidigt ska några snabba mejl skickas innan mjölken kokar upp, och disk- 
och tvättmaskinen ska sättas igång, innan barnen ska skjutsas till skolan. Oh, 
just det, för allt detta får du fyrtiofem minuter, om du ska hinna i tid till mötet 
som börjar klockan nio. Som sagt, en vanlig tidig morgon. Frågan är, vad är 
det egentligen som gör det möjligt för människor att genomföra alla dessa 
aktiviteter under tidspress, och med tillräckligt bra resultat? 
 
Både i privatlivet och i arbetssfären är förmågan att handskas med flera saker 
samtidigt ett viktigt element. I denna avhandling kallas denna förmåga för 
multitasking, och att bena ut vilka processer som understöder effektiv 
multitasking står i centrum. Stora framsteg inom kommunikationsteknologin, 
tillsammans med datorisering av många tjänster och arbeten har med stor 
sannolikhet bidragit till att öka vikten av denna färdighet ännu mer, under de 
senaste decennierna. Trots olika försök att förstå de mentala processer som 
gör att människor framgångsrikt kan jonglera mellan flera saker, är lite känt 
om de funktionella och kognitiva mekanismer där dessa mentala processer 
äger rum. Denna avhandling är ett försök att utöka kunskapen inom just detta 
område.  
 
Speciellt fokus ligger på vilka de viktiga bakomliggande kognitiva faktorerna 
för multitasking är, framför allt genom att skildra bidraget av spatial förmåga 
(bland andra kognitiva förmågor) i effektiv multitasking.  Det är enkelt att 
föreställa sig att situationer som kräver simultanförmåga är oftast mer 
komplexa. Denna komplexitet ställer högre krav på vår kognitiva kontroll, 
därför ligger studiernas fokus på att undersöka vikten av avlastning av centrala 
funktioner av kognitiv kontroll med hjälp av spatial förmåga. En 
arbetshypotes, här kallad the Spatiotemporal hypotesis of multitasking får en 
central plats i avhandlingen, då den är tänkt att fungera som ett teoretiskt 
ramverk som tillåter byggandet av specifika prediktioner om 
simultanförmågans effektivitet. 
 
Avhandlingen baseras på tre vetenskapliga artiklar. Studie I visade att 
individuella skillnader i spatial förmåga och kognitiv kontroll delvis kan 
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förutsäga effektiviteten i multitasking. I Studie II visades att skicklighet i 
multitasking delvis återspeglar ålders- och könsrelaterade skillnader i kognitiv 
kontroll och spatial förmåga. Detta tyder på att exekutiva funktioner bidrar till 
att effektivt kunna göra flera saker samtidigt, och att inflytandet av spatial 
förmåga troligtvis minskar med stigande ålder. Resultaten från studie III tyder 
på att störningar av spatial karaktär, som specifikt belastar spatialförmågan 
extra mycket, kan ha en negativ effekt på vår simultankapacitet. 
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Introduction 

For a modern human, multitasking is probably among the most pervasive 
features of everyday life. It is quite simply everywhere, permeating many 
aspects of contemporary life. In fact, it is so ubiquitous that much of the time 
we do not even realize we are multitasking. For instance, for a parent to be 
talking on the phone while folding laundry and waiting for the pasta to boil is 
probably quite normal across households in western societies, and possibly 
across the globe. Similarly, in a typical office work environment, devoting 
energy and attention not only to writing an important email but also to multiple 
online chats, browsing news feeds, then taking a short coffee break, and before 
the coffee is done, finishing the stubborn email, is what many of us probably 
call a normal day at work.  
 
At work, we frequently multitask in order to tackle an ever-growing burden of 
tasks and duties (Payne, Duggan, & Neth, 2007). The situation is similar in 
our private lives, with many chores needing near simultaneous attention (Offer 
& Schneider, 2011). Sometimes multitasking feels rather easy, almost to the 
point at which it is not perceived as concurrently dealing with more than one 
task. At other times, multitasking can feel nearly impossible, especially if it 
needs to be executed smoothly. For example, trying to read while actively 
listening to others talking is extremely challenging, although it can be 
improved with practice (Kramer, Larish, & Strayer, 1995). Easy or not, 
multitasking happens to be integral to everyday life and a basic human skill 
that is often performed routinely pretty much throughout our daily lives. 
Remarkably, there seems to be an ever-growing demand to cram more and 
more into both the work and private spheres of our lives (Christensen & 
Schneider, 2011). 
 
Many examples of the exponential growth of multitasking demands are cited 
in studies of the modern work environment. In the organizational literature, 
multitasking is often referred to as a paradigm that is “changing the world of 
work” (Ilgen & Pulakos, 1999). For the modern employee, having to schedule 
and execute multiple tasks that are intricately interleaved is ubiquitous and 
pretty much unavoidable. Several available job analyses underscore the 
relevance of multitasking for numerous occupations (Borst, Taatgen, & van 
Rijn, 2010). Many types of work involve tasks that are carried out in short 
incremental steps, each task being interleaved with bits of work related to 
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other tasks (Chisholm, Dornfeld, Nelson, & Cordell, 2001). Being able to 
work on several tasks at the same time is not only an important aspect of 
desirable work performance, but also seems to be the way people naturally do 
things in a work environment. A study by Gonzalez and Mark (2004) 
highlights this notion by reporting that, while performing their daily routines 
amidst a multitude of common office tasks, employees spent an average of 
only three minutes on one task before switching to another. Interestingly, 
about half of the switches between tasks reported in the study seemed to be 
self-initiated. This means that, strangely enough, not only are employees 
dealing with many overlapping chores because of workload necessity, but also 
that at least part of the multitasking frenzy in work environments comes from 
within, and is not externally imposed. Possibly, guided by naïve theory, people 
assume that initiating new tasks before completing ongoing ones actually 
helps accomplish more within a limited amount of time. On the other hand, if 
such a naïve belief actually exists, it is in stark contrast to what fine-tuned 
experimental studies tell us, that, at least in terms of dual-task performance, 
switching back and forth between tasks is often an inefficient strategy to deal 
with a demanding workload (Borst et al., 2010; Monsell, 2003; Rubinstein, 
Meyer, & Evans, 2001).  
 
Studies investigating the private sphere paint a similar picture of steadily 
increasing demands for multitasking, with accentuated effects observed in 
women’s paid and unpaid work (Christensen & Schneider, 2015; Offer & 
Schneider, 2011). Undoubtedly, this is at least partly an effect of the wide 
spread of Internet usage. It is also perpetuated by technological innovation, 
which has led to the emergence of various new media devices in countless 
formats in recent decades. These technological advances have also spurred a 
whole new type of multitasking: media multitasking. Media multitasking 
refers to using TV, the Web, smartphones, and any other media type or device 
in conjunction with another. Media multitasking has grown into a popular 
phenomenon and even a way of life, with the shift occurring sometime around 
the turn of the century. Possibly, due to the ease of switching between instant 
messaging, music listening, Web surfing, e-mail, watching online videos, 
playing computer-based games, and so forth, it is continuing to gain popularity 
among young people and especially students (Lui & Wong, 2012). 
 
Media multitasking has become a popular topic in the scientific literature 
(Alzahabi & Becker, 2013; Judd, 2013; Lee, Lin, & Robertson, 2012; Lui & 
Wong, 2012; Ophir, Nass, & Wagner, 2009; Ralph, Thomson, Cheyne, & 
Smilek, 2014; see Van Der Schuur, Baumgartner, Sumter, & Valkenburg, 
2015 for a review of multitasking with a focus on youths' functioning); as well, 
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it is unarguably the most widely discussed type of multitasking in general.1 
Some studies of media multitasking do raise concerns about its negative 
consequences, for example, on certain aspects of memory and executive 
functioning (Baumgartner, Weeda, Van Der Heijden, & Huizinga, 2014; Loh 
& Kanai, 2014). Other studies report at least some cognitive gains, such as 
better breadth-biased cognitive control (Lin, 2009) or multisensory integration 
(Lui & Wong, 2012). Interestingly, some empirical studies have actually 
reported that preference for media multitasking is not a positive predictor of 
actual multitasking performance (Poposki & Oswald, 2010; Sanbonmatsu, 
Strayer, Medeiros-Ward, & Watson, 2013). 
 
In sum, observations about the ubiquity of everyday multitasking suggest that 
it pervades both domestic activities and work life, and assumptions about its 
effects and characteristics seem to be spurring concern and attention on the 
part of laypeople and scientists alike. However, the available theories 
concerning the cognitive underpinnings of multitasking performance have not 
yet managed to extensively cover the complex nature of human multitasking. 
Especially when it comes to theories of everyday multitasking, there is a 
sizeable gap in the literature (Burgess, Veitch, De Lacy Costello, & Shallice, 
2000; Logie, Law, Trawley, Nissan, & John, 2010). It is still unknown what 
makes some people better multitaskers than others, so further research into 
everyday multitasking is needed. It should be noted that, for the purpose of 
this thesis, the fairly recent phenomenon of media multitasking is not equated 
with multitasking in the sense of dealing with multiple tasks within a certain 
period, partially due to its dependence on external interruptions to signal task 
demands, and is therefore not taken into account here. 
 
As is becoming evident, multitasking can actually refer to a variety of tasks 
and phenomena, positioned within an umbrella construct. However, its 
essence is quite simple and unambiguous, if defined as dealing with more than 
one task within a constrained timeframe. Unmistakably, great variability is 
related to the timescale, which makes it hard to decide exactly what 
multitasking encompasses, as it spans a large time continuum ranging from 
sub-second intervals to several hours, days, or even weeks. There is also 
similar ambiguity concerning the tasks to be completed. Are there two, three, 
four, or more tasks? Are they easy or difficult to execute, or a combination of 
both, with some tasks being considerably easier than others? Is there 
requirement for extensive, task-specific knowledge for the tasks to be 
executed concurrently, or do they possibly demand reactive behavior instead 
of more goal-directed proactive plans? Is it possible that a particular mixture 
of tasks makes them easier to complete simultaneously, because they are 

                                                        
1 A simple Google search returned 12,400,000 hits for the query “media multitasking” versus 
643,000 hits for “human multitasking.”  
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similar in nature or need a similar thought structure to be completed? Then 
again, the opposite scenario is probably just as likely: a particular combination 
of tasks to be done may make them harder to complete simultaneously, 
because they all demand similar thought structures or similar output. 
 
When laypeople describe multitasking they may refer to either of these 
situations virtually interchangeably. In psychological terms, on the other hand, 
these situations are very dissimilar and make demands of a vast array of 
cognitive abilities. In research, multitasking can mean so many different 
things that, unless specified, its boundaries remain ambiguous, as was noted 
by the theoretical cosmologist, Janna Levin: “Ambiguity is very interesting in 
writing; it is not very interesting in science”.2 
 
In an attempt to extend existing theoretical understandings of human 
multitasking, this thesis considers several factors related to task 
characteristics, concentrating on the underlying cognitive mechanisms that 
drive multitasking performance. 
 
In general, the aim of the thesis is to extend our understanding of important 
cognitive mechanisms involved in multitasking and, by investigating human 
performance in complex simulations, to find additional predictors of 
multitasking performance in real-world scenarios. At a theoretical level, 
shedding light on how complex multitasking (involving three or more tasks) 
is accomplished is of great value due to the lack of comprehensive cognitive 
models. To this end, in the present thesis, I propose and test certain key factors 
pertaining to top–down and bottom–up information processing of multiple 
task coordination.  
 
The following sections of the thesis present detailed background to this 
theoretical proposal, in essence based on the idea that cognitive offloading 
should be considered an important functional tool for dealing with the 
amplified executive control demands of multitasking and related higher 
cognition tasks. This notion, here referred to as a spatiotemporal hypothesis 
of multitasking (see also Mäntylä, 2013; Mantyla & Todorov, 2013), posits 
that multitasking reflects individual differences primarily in executive control 
functions (i.e., individuals with efficient control functions are better planners 
and task coordinators than are less-skilled individuals). Extending this generic 
prediction, which is supported by numerous neurocognitive studies of 
executive functioning, the hypothesis postulates that demands on cognitive 
control can be alleviated by transforming the temporal pattern of task 
constraints (i.e., deadlines) into spatial relations (i.e., representing time in 
space). A direct implication of this spatiotemporal hypothesis is that 
                                                        
2 From an interview entitled “The lyricism of science: Q&A with Janna Levin on TEDBlog.” 
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individual differences in executive functions and spatial ability should be 
independent predictors of multitasking performance, and that the postulated 
spatiotemporal offloading of cognitive control should be reduced in conditions 
in which reliance on spatial relation processing is cost ineffective or 
compromised, for example, due to aging, fluctuation of sex hormones, or 
concurrent spatial demands. 
 

Focus of past research on multitasking 
 
Historically, most research into multitasking performance has been conducted 
within a dual-task paradigm, broadly addressing the question “Why do people 
have trouble doing two tasks at the same time?” (Damos & Wickens, 1980; 
Heathcote et al., 2015; Kramer et al., 1995; Pashler, 1994; Sigman & Dehaene, 
2006; Watson & Strayer, 2010). In short, three main theoretically influential 
types of explanations have emerged from the dual-task paradigm, explanations 
pertaining to different levels of interference between tasks, namely, the 
sharing of cognitive capacity, the existence of cognitive bottlenecks, and 
crosstalk between the sensory input, active processing mechanisms, and 
needed responses (Pashler, 1994). 
 
However, considering the large range of multitasking scenarios, strictly 
investigating the microstructure of rapid switching between two concurrent 
tasks seems a rather narrow field of operations. In general, most current dual-
task paradigms isolate and address specific components of the cognitive 
system, such as executive functioning, attention, working memory, and task 
switching processes with associated cognitive bottlenecks (Borst et al., 2010; 
Monsell, 2003; Pashler, 1994; Rubinstein et al., 2001; Tombu & Jolicoeur, 
2005). On one hand, this is a reasonable strategy when investigating the 
limitations of each individual cognitive subsystem and its involvement in 
dual-task performance, which has spurred the development of computational 
models (e.g., Kieras, Meyer, Ballas, & Lauber, 2000). On the other hand, it 
can be argued that successful multitasking (in most workplaces and daily 
activities) actually reflects peoples’ attempts to circumvent such bottlenecks 
by juggling task demands and deadlines (e.g., Craik & Bialystok, 2006). 
Therefore, drawing a direct line between dual-task conditions and 
multitasking omits critical, innate aspects, as demands on complex dynamic 
skills needed for planning, task interleaving, and resource sharing are minimal 
or irrelevant in such conditions. 
 
For the purpose of this thesis, multitasking—as investigated in the present 
studies—differs from typical dual-task paradigms in at least two key ways. 
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One pertains to the number of tasks involved. Performing more than two tasks 
demands that the tasks be dealt with not in parallel, but by interleaving and 
switching from one to the other while trying to achieve multiple end states. It 
should be noted that not all dual-task conditions require this seemingly parallel 
task performance. For example, driving while talking on the phone is 
considered dual tasking, albeit of a sequential nature. As is the case in most 
dual-task scenarios, temporal demands are minimal, pertaining to a simple 
before/after distinction. Arguably, in most dual-task conditions, demands for 
temporal coordination are rather low compared with those of multiple tasks, 
which may require coordination of complex patterns of temporal 
contingencies. The second difference relates to the fact that the time window 
in multitasking scenarios is usually much longer, rendering the rapid and 
accurate responses required in task-switching studies less crucial. Considering 
these two key distinctions, the cognitive offloading of temporal relations is 
probably not cost effective in dual-tasking conditions. The idea that dual 
tasking does not present a complicated enough pattern for interleaving 
deadlines has a direct implication for predictions about individual differences. 
As proposed later in this thesis, sex differences should not be expected, and 
have not been observed in dual tasking (Mantyla & Todorov, 2013; Strayer, 
Medeiros-Ward, & Watson, 2013). For this thesis, one defining feature of 
multitasking is its requirement for the coordinated and strategic deployment 
of several distinctive cognitive functions, an important issue that is a major 
challenge for paradigms and theories that focus on specific cognitive 
phenomena (see also Logie, Trawley, & Law, 2011).  
 
Multitasking has also been extensively studied in terms of the performance of 
particular sets of experts in specific domains such as emergency medicine and 
medical decision making (Chisholm et al., 2001; Ledrick, Fisher, Thompson, 
& Sniadanko, 2009), military personnel and aviation (Hudson, Whitner, 
Rinaldi, & Littmann, 2004), corporate management (Seshadri & Shapira, 
2001), navigation (Spiers & Maguire, 2006), and driving (Levy & Pashler, 
2008; Strayer, Drews, & Crouch, 2006). While this is undoubtedly a good 
approach to gaining knowledge about expert behavior, it does not exclusively 
cover the way humans multitask in general, and specifically does not cover 
the subject of how non-experts deal with the additional cognitive load 
presented by everyday multitasking. As suggested by most theories of 
executive functioning (Burgess et al., 2000; Fuster, 2001; Norman & Shallice, 
1986; Salvucci, 2005), untrained people handle the complexity of multitasking 
differently from how experts do, as experts rely mainly on overlearned scripts 
and schemas (represented in the semantic memory) to guide the coordination 
and integration of the component tasks, reducing demands on prefrontally 
mediated executive control functions. Regardless of whether we are experts 
with extensive domain knowledge or novices, we seldom go about doing 
things in an exclusively serial manner. 
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Considering what is seemingly a natural human tendency to multitask, it is 
somewhat paradoxical that everyday multitasking has rarely been the subject 
of empirical study or theory development. At least part of the challenge is the 
complexity of everyday multitasking, which is difficult to capture under well-
controlled experimental conditions (Craik & Bialystok, 2006; Hess et al., 
2016; Logie et al., 2010; Salvucci & Taatgen, 2008; Strayer, Drews, & 
Crouch, 2006). Everyday multitasking as performed by untrained adults rather 
than experts (e.g., air traffic controllers, emergency room medical staff, 
obsessive video gamers, and pilots) probably differs fundamentally from both 
concurrent dual-task demands and the structured switching between different 
laboratory tasks used as a testing ground for expert behavior. 
 

Current theories of multitasking  
 
As mentioned earlier, perhaps due to the wide range of multitasking scenarios, 
there are various definitions of what actually constitutes multitasking. A fairly 
commonly accepted definition of multitasking performance is the cognitive 
ability to perform “multiple task goals in the same time period by engaging in 
frequent switches between individual tasks” (Colom, Martínez-Molina, Shih, 
& Santacreu, 2010, p.543). Another similar but more detailed definition 
proposed by Oswald, Hambrick, Jones, and Ghumman (2007) refers to three 
key features: (i) performing of multiple tasks; (ii) performance is supported 
by conscious shifting from one task to another; and (iii) the component tasks 
are performed over a relatively short time. In the field of cognitive 
psychology, the term often refers to the performance of a range of tasks to be 
completed within a limited timeframe (Logie, Law, Trawley, Nissan, & John, 
2010). 
 
Most psychological theories of multitasking performance (see Meyer & 
Kieras, 1997; Salvucci & Taatgen, 2010 for reviews) are based on dual-
tasking paradigms developed with reference to simplified, concurrent 
laboratory tasks. As previously argued, such theories are valuable for 
understanding task-switching mechanisms, but somewhat limited in their 
ability to explain the cognitive mechanisms driving performance in everyday 
multitasking.  
 
Wickens’ multiple resources and mental workload theory (Damos & Wickens, 
1980; Wickens, 2008) is a theoretical attempt to understand multitasking 
performance from the perspective of cognitive bottlenecks. It attempts to 
explain the often observed decrease in performance during dual tasking, and 
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is most relevant to performance breakdowns related to dual-task overload. 
Wickens’ theory describes humans as having a limited ability to process 
information and views decreased performance as resulting from the scarcity 
of various mental resources. A supply and demand problem occurs when the 
individual performs two or more tasks that require a single resource. Excess 
workload is caused by separate tasks placing demands on the same resource; 
this can cause difficulties, consequently producing errors or slowing task 
performance. For example, if a task is to dial a phone number, then no excess 
demands are being placed on any one resource. However, if another task to be 
performed at the same time makes demands of any of the mental components 
involved in dialing a phone number, the result may be excess workload. The 
model can be used as a predictor of the overload of cognitive resources during 
multitasking. However, it is constrained by the fact that the task and resource 
structure is probably much less rigid in more realistic environments, and 
ignores the possibility of cognitive offloading.  
 
Similarly, Meyer and Kieras’ (1997) executive-process interactive control 
(EPIC) model postulates an advanced cognitive architecture claimed to be 
especially suited for modeling human multimodal and multitasking 
performance. Created with a focus on human–computer interaction, the 
model’s sophisticated cognitive architecture is said to have predictive powers 
in more complex situations. The model itself focuses on perceptual, cognitive, 
and motor processors and the constraints they put on the human ability to 
perform several tasks. Nevertheless, the EPIC model still emphasizes the 
advancement and development of comprehensive engineering models to aid 
in human–computer interaction design, and as such is not designed as a broad 
cognitive theory of multitasking. 
 
These central theories, however valuable, do not extensively cover the broad 
nature of cognitive demands in complex multitasking, mostly because they are 
based on task switching in a dual-task paradigm or in human–computer 
interaction. As a result, there is a large gap in the literature concerning the 
ubiquitous daily activity of handling complex patterns of multiple tasks, goals, 
and deadlines (Burgess, Veitch, De Lacy Costello, & Shallice, 2000; Logie, 
Law, Trawley, Nissan, & John, 2010). 
 
In an ambitious attempt to unify the existing theoretical literature, Salvucci 
and Taatgen (2008, 2010; Borst, Taatgen & Van Rijn, 2010; Taatgen, Salvucci 
and Borst, 2009) have proposed a broader theory of human multitasking. At 
its core, their theory of threaded cognition emphasizes concurrent task 
switching and postulates that multitasking behavior can be attributed to 
several threads of thought operating simultaneously, with each separate 
cognitive thread representing an independent task goal. Much in the way “fire 
and forget” missiles operate, once a stimulus triggers a reaction, the voluntary 
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onset of an action (or a cognitive script) takes place, which then proceeds to 
become an independent cognitive thread coexisting with other unfinished 
threads of goal-directed actions, continuing until its completion. The theory is 
heavily based on the computational cognitive architecture for simulating and 
understanding human cognition within the framework of the Adaptive Control 
of Thought—Rational (ACT-R) model of Anderson (2007).  
 
The threaded cognition theory of Salvucci and Taatgen (2008) represents an 
admirable attempt to link a number of serious efforts to define the cognitive 
and neural underpinnings of multitasking, as well as to generalize the 
underlying ideas into a unifying theory. However, the theory is far too broad 
to consistently generate concrete, testable predictions of everyday 
multitasking performance.  
 
The theory of threaded cognition makes predictions of multitasking 
performance based on the presence and amount of interference between two 
or more tasks. It does so by stressing the need for temporal coordination 
between the ongoing tasks, as do other approaches to multitasking within the 
cognitive literature (Bühner, König, Pick, & Krumm, 2006; Salthouse, 
Atkinson, & Berish, 2003; Szameitat, Lepsien, Von Cramon, Sterr, & 
Schubert, 2006; Wilhelm, Hildebrandt, & Oberauer, 2013) and in studies of 
the work environment (Arora, González, & Payne, 2011; González & Mark, 
2004). Naturally, depending on the timescale, this task coordination becomes 
more or less important. It does, however, have a minimal impact during 
concurrent multitasking at the millisecond level, as well as over very long time 
intervals, as is the case for extremely sequential multitasking scenarios (Figure 
1).  
 

Figure 1. The multitasking continuum (Salvucci, Taatgen & Borst, 2009) 
 
 
 
But what about coordinating deadlines in the area between the two extremes? 
Somewhere in the grey zone between concurrent and sequential, and between 
reliance on overlearned scripts and completely bottom–up reactive 
multitasking of immediate concurrency, lie many tasks that we usually handle 
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in everyday life—what is here referred to as everyday multitasking. How do 
we plan, monitor, and coordinate multiple tasks within restricted timeframes 
and without the guidance of the overlearned skills and knowledge structures 
possessed by experts? Despite the growing demands for multitasking in 
everyday life, theoretical and empirical insight into the matter remains rather 
limited (Logie et al., 2011; Salvucci & Taatgen, 2010). Therefore, a 
noteworthy effort in this thesis is to present a tool allowing for specific 
predictions about multitasking performance, namely, the spatiotemporal 
hypothesis of multitasking. 
 

Important constraints of the presented framework 
 
In an attempt to fill the knowledge gap with regard to everyday multitasking, 
I will first set the empirical boundary conditions of the present thesis, mainly 
by discussing central aspects of the spatiotemporal hypothesis of multitasking 
pertaining to time span, task complexity, and levels of control. By doing so, 
some of the limitations related to the studies presented in this thesis will 
become apparent, consequently positioning my research within its theoretical 
and operational framework. 
 
The first important characteristic to be considered is the temporal scale of 
interest. Proposed by Taatgen, Salvucci, and Borst (2009), the multitasking 
continuum is an intuitively useful way to conceptually organize multitasking 
activities in relation to the time spent on one task before switching to another. 
It describes a continuous timeline with a broad range of intervals (Figure 1). 
On the far left it places concurrent multitasking activities—in essence tasks 
performed at the same time—in which the switches between tasks often occur 
at a sub-second interval. As a theoretical distinction, concurrent multitasking 
pertains to situations in which the tasks progress simultaneously or with very 
short interruptions (Salvucci & Taatgen, 2008). Such activities are rather 
common in everyday life; for example, talking to one or several individuals 
while eating, or checking messages on the mobile phone while sitting at a 
lecture. 
 
On the far right of the multitasking continuum is sequential multitasking, in 
which switches between tasks usually occur at intervals of several minutes and 
hours, or even longer. The important difference here is that each task receives 
focused attention during most of the time allocated for its execution, although 
some very short periods of overlap might occur during the actual switching 
period. Like concurrent multitasking, juggling multiple tasks in sequence is 
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also considered multitasking but is perceived, and of course executed, in a 
different manner. 
 
Regardless of whether the multitasking scenario at hand is extremely 
concurrent or extremely sequential, the threaded cognition theory views the 
precursors to multitasking behavior as separate streams of thought. They can 
be represented as separate threads of information processing coordinated by a 
serial procedural resource, and executed across other available perceptual and 
motor resources (Salvucci & Taatgen, 2008). Importantly, to accommodate 
the cognitive flexibility needed for the successful navigation of various 
multitasking scenarios, the theory suggests that each cognitive thread is 
independent. This autonomy of task-bound threads, in which each thread 
represents an independent task goal, is argued to be the key to multitasking, 
as it allows us to take single-task skills and combine them to reach a higher-
order goal. 
 
This leads me to the second important theoretical aspect, namely, task 
complexity. While this characteristic includes a large number of variables, 
such as hierarchical relations among subtasks, conditional outcomes, and 
feedback loops, for the purpose of this thesis it concerns the number of tasks 
at hand. This follows the idea that, with each additional task to be 
simultaneously taken into account, the complexity of the temporal pattern 
grows. As mentioned earlier, this is one reason why dual-task paradigms 
might not be optimal for understanding the complexities of multitasking, as 
their demands for temporal coordination are rather low. 
 
Of course, with a larger number of tasks, or when tasks are of higher difficulty, 
the strain that the overall multitasking scenario is putting on cognitive (as well 
as perceptual and motor) resources becomes greater. The third defining 
characteristic of a multitasking scenario is therefore the level of control (see 
Figure 2 on page 27). This loosely relates to the question of whether task 
execution is generally the result of planned behavior or, in extreme cases, just 
reactive. Naturally, planned behavior is of interest here, because one can 
hardly argue that reactive behavior is the result of the deliberate, proactive 
interleaving of concurrent deadlines. 
 
When people formulate a strategic mental plan (which of course might 
anticipate occasional reactions to emergencies or other interruptions without 
serious deviations) or make mental notes to do things in the future in order to 
reach an overarching end state, this involves an important process called the 
cognitive management of goals. This entails generating a mental 
representation of the intention to accomplish a given task, achieve some 
specific state of the world, or take certain mental or physical action at a later 
stage (Altmann & Trafton, 2002). This has implications for the definition of 
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multitasking as considered here, requiring that it be, at least partly, a function 
of planned, goal-directed behavior. Does all multitasking behavior have to be 
goal directed, one might ask? Definitely not, as it can be both reactive as well 
as proactive. However, the type of complex multitasking scenarios considered 
here involve a high level of top–down control of multiple elements, probably 
require strategic mental planning, and are generally completed through goal-
directed behavior. Of course, this is a non-exhaustive view of multitasking 
behavior, and one could easily come up with a hypothetical multitasking 
scenario incorporating many other tasks demanding immediate attention in a 
very reactive manner.3 Even such scenarios would only be completely reactive 
on a very immediate timescale, as anything beyond a few seconds would 
represent an attempt to achieve a specific end state and thus be considered 
goal-directed (Duncan, Emslie, Williams, Johnson, & Freer, 1996).  
 
In the cognitive literature, goal-directed behavior is mostly depicted as a 
product of executive functions, a suite of general-purpose cognitive functions 
that make it possible to control mental processes and regulate one’s thoughts 
and behaviors (Diamond, 2013; Miyake et al., 2000). Despite some 
disagreement about exactly what should be included in this umbrella term, and 
about the fine distinctions between the various cognitive functions, there is 
general agreement about three core executive functions: inhibition, working 
memory, and mental flexibility (Miyake et al., 2000; Miyake & Friedman, 
2012). Typically, the frontal lobes and particularly the prefrontal cortex have 
been suggested to constitute an important substrate for executive processes 
(Duncan et al., 2000, 1996; Rubinstein et al., 2001; Salthouse et al., 2003). 
Accordingly, executive functioning is one of the two main variables of interest 
in the studies presented in this thesis. 
 
I will now turn to the other aspect of multitasking considered within the main 
focus of this thesis. The next chapter will discuss the role of spatial ability in 
the temporal coordination of multiple tasks. In addition, the boundaries of the 
spatiotemporal hypothesis of multitasking will be defined, in line with the idea 
that high-stress situations are a viable setup for the cognitive offloading of 
executive control demands. 
 
 

                                                        
3 Here I am thinking of something from the realm of Homer Simpson, frantically pressing 
multiple multicolored blinking and beeping buttons on the control panel of the nuclear power 
plant he works at, in order to prevent immediate nuclear meltdown. 
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Spatiotemporal hypothesis of multitasking 
 
To sum up the above sections, a distinct inherent complexity is associated with 
multitasking scenarios, mostly stemming from two factors: timescale and task 
difficulty (reflecting levels of control and number of tasks). Coupled with the 
existence of various cognitive factors affecting multitasking performance, it 
is easy to understand the struggle to generate theoretical knowledge about the 
underpinnings of the human ability to successfully interweave multiple tasks 
(answering the question “What makes humans good/bad at multitasking?”). 
This is especially true in the context of everyday multitasking, in which the 
needs to coordinate goal states (with tasks and timelines) and to deliberately 
deploy various cognitive functions are of the essence.  
 
To this end, the central focus of this thesis is the introduction of the 
spatiotemporal hypothesis of multitasking, its chief idea being that individual 
differences in multitasking performance reflect the independent contributions 
of both executive functioning and spatial processing (Mäntylä, 2013; 
Todorov, Del Missier, Konke, & Mäntylä, 2015; Todorov, Del Missier, & 
Mäntylä, 2014). The spatiotemporal hypothesis (see Figure 2 for a schematic 
illustration) reflects the idea that, under high demands for temporal 
coordination (i.e., when dealing with multiple tasks of at least reasonable 
difficulty within narrow deadlines), individuals with efficient spatial abilities 
are predicted to be better multitaskers than are less spatially skilled 
individuals. It is important to note that this taxonomic scheme is in no way 
exhaustive of all the theoretical, cognitive, and situational constraints of 
multitasking, but rather objectively serves as a placeholder for the studies 
presented here. Three important features of the multitasking scenarios are to 
be considered, namely, temporal scale, task complexity, and level of executive 
control (see Figure 2 on the next page). 
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Figure 2. A taxonomy of important features of multitasking according to the 
spatiotemporal hypothesis. The higher demands on executive control and temporal 
load (red color) indicate multitasking scenarios in which cognitive offloading is one 
possible way to alleviate such strain. 
 
 
 
Given that demands on executive functions differ depending on task 
complexity and level of control, it is not hard to imagine that executive control 
functions—involved in the temporal coordination of multiple lines of action—
will be in high demand in certain multitasking situations (e.g., everyday 
multitasking). The spatiotemporal hypothesis of multitasking is based on the 
idea that one way of alleviating such demands, and thus circumventing highly 
probable cognitive bottlenecks, is through cognitive offloading (see also 
Mäntylä, 2013). 
 
Cognitive offloading is here considered both an external and internal strategy 
for reducing cognitive control demands; it constitutes the use of physical 
action to alter the information-processing requirements of a task so as to 
reduce cognitive demands (Risko & Gilbert, 2016). Offloading cognition 
helps us to overcome certain capacity limitations of our unassisted mental 
abilities (e.g., working memory) by reducing the need for computational 
effort, helping us achieve cognitive feats that would not otherwise be possible 
(Maeda, 2012).  
 
Offloading cognition is usually discussed in relation to the use of external aids 
in the context of embodied and extended cognition (Carr & Harnad, 2011; 
Dror & Harnad, 2008; Maeda, 2012). For example, if the situation demands 
it, we might rely on external aids such as calendars or shopping lists, write 
down important not-to-be-forgotten information (Risko & Dunn, 2015), save 
essential files on a computer’s hard drive to make them available for 
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subsequent restudy (Storm & Stone, 2015), and so on. Simply put, we rely on 
external tools in order to outsource cognitive demands. 
 
Although past work has mainly focused on external strategies, cognitive 
offloading can also be considered an internal, neurocognitive translational 
strategy for reducing cognitive control demands. Thus, cognitive offloading 
can also happen inwards, for example, allowing the offloading of working 
memory information or future intentions onto perception and motor-control 
systems in the brain (Wilson, 2002). Related to multitasking done by experts, 
such cognitive offloading is obtained by submitting task coordination to 
cognitive scripts, habitual schemas, and related knowledge structures. On the 
other hand, under conditions in which prior knowledge is not available (i.e., 
many instances of everyday multitasking), demands on task control can be 
very high. In such cases, offloading executive demands onto other cognitive 
subsystems might be used as a successful way of interleaving multiple 
deadlines. This is also a central idea of the spatiotemporal hypothesis of 
multitasking, stating that in situations in which temporal demands are high, 
demands on executive functions can be relieved by using spatial relation 
processing to facilitate the monitoring and goal-directed behavior connected 
to multiple ongoing tasks. 
 
Choosing spatial ability as one of the cornerstones of multitasking 
performance might seem imprudent at first glance. After all, a core feature of 
multitasking is the interleaving of timelines and executive control. However, 
there is also a logical explanation as to why spatial ability might be critical for 
temporal coordination. The main premise of the spatiotemporal hypothesis of 
multitasking lies in the notion that mental representations of temporal patterns 
(e.g., multiple goal-directed tasks) may involve spatial designations. In other 
words, time can be represented in a spatial format, akin to a mental timeline. 
 
This notion of “time in space” as a general information-processing strategy 
has been formulated and tested in various areas of the cognitive sciences, and 
will be discussed in more detail below (see Bonato, Zorzi, & Umiltà, 2012; 
Dehaene & Brannon, 2011 for overviews).  
 

Temporal coordination 
 
When it comes to goal-directed tasks, including multitasking performance, 
one key characteristic is that they have a temporal dimension. Simply put, this 
means that scheduling task execution as well as monitoring individual task 
progress and task interleaving are processes that take place on a timeline. As 
such, an essential part of successful multitasking is walking the proverbial thin 
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line (the width of which is largely determined by time constraints and by the 
difficulty and number of tasks) of task-coordination. Given the importance of 
planning the proper route to the end state of each task, a central assumption of 
the present studies is that multitasking involves the temporal coordination of 
the tasks at hand (Figure 2). Essentially, task coordination pertains to linking 
temporally separate elements of actions having specific, well-defined goals 
(Fuster, 1995), making handling time constraints while dealing with multiple 
future-oriented goals and intentions a key facet of multitasking. All of this 
implies that successful multitasking is highly dependent on one’s ability to 
adequately process temporal information, by drawing on a wide range of 
cognitive functions acting in concert to achieve multi-layered goals (Logie et 
al., 2010; Salvucci & Taatgen, 2008) by coordinating multiple goals, end 
states, and external deadlines. 
 
Related to this assumption is the idea that temporal coordination demands vary 
across instances of multitasking depending on both the temporal window and 
overall task difficulty. For example, when driving and talking on a phone—
two highly overlearned tasks taking place within flexible time windows—the 
demand for temporal coordination of the individual tasks should be rather low 
(Mäntylä & Todorov, 2013). There are of course instances in this scenario 
when a bottleneck will become apparent, for example, when the other person 
in the phone conversation hears “Hold on, I’ve got to downshift now.” But 
over the longer duration, under normal conditions, the demands on temporal 
coordination in this case are rather low. At the other end of this scale, demands 
on temporal coordinating are very high in novel, non-habitual tasks with 
constrained deadlines and time windows. Hypothetically, an extreme case of 
multitasking putting pressure on task coordination and, as an extension, on 
executive control, would be an inexperienced air traffic controller trying to 
coordinate the departures and arrivals of planes along with having to deal with 
other concurrent information. 
 
An important factor in this theoretical framework concerns the level of 
demands being put on executive control and the way these demands relate to 
the relative novelty of the task. As mentioned earlier, most studies of 
multitasking have focused on expert performance (Loukopoulos, Dismukes, 
& Barshi, 2003; Wickens, 2008), and expertise is hard to attain. Through 
extended practice and repetition (i.e., experience with a task) we can reduce 
highly complex schemas to simpler elements (Van Merriënboer & Ayres, 
2005). Cognitive schemas play an important role in freeing up the limited 
cognitive resources at our disposal, and familiarity with a task through 
repetition helps greatly lessen the cognitive load (Sweller, Van Merriënboer, 
& Paas, 1998). Much research into experts demonstrates that they rely on 
overlearned scripts and schemas when completing individual tasks (Engle & 
Kane, 2004; Knoblich, Ohlsson, Haider, & Rhenius, 1999), in order to reduce 
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demands on prefrontally mediated executive control functions (actually, that 
is considered one of the clear-cut giveaways of an expert; Yeung, Jin, & 
Sweller, 1998). When dealing with novel situations, on the other hand, the 
demand on the executive functions to coordinate task execution is 
undoubtedly greater. According to the proposed view, these should be the 
situations benefitting the most from transforming temporal information into 
spatial terms. 
 
To reiterate, past research involving experimental evidence, patient studies, 
and neuroimaging data provides consistent support for the hypothesis that 
individual differences in multitasking are largely mediated by executive 
control functions (Hambrick, Oswald, Darowski, Rench, & Brou, 2010; Logie 
et al., 2010, 2011; Meyer & Kieras, 1997; Miyake & Friedman, 2012; 
Rajendran et al., 2011; Redick et al., 2016; Salvucci & Taatgen, 2011; Shallice 
& Burgess, 1991; Watson & Strayer, 2010). The basic idea proposed here, 
which is in line with previous research, is that demands on temporal 
coordination for the integration of multiple tasks can be handled by executive 
control functions (and using overlearned scripts, as is usually done by experts) 
and by a combination of these higher cognitive functions and basic 
mechanisms of spatial processing. 
 

Time and space 
 
So why exactly does this particular time-in-space transformation happen? A 
central assumption of the spatiotemporal hypothesis of multitasking is that 
spatial processing may be used as a transformational strategy for reducing 
cognitive control demands. While the main focus is on representing the 
temporal pattern of task goals and deadlines in spatial terms, as a feature 
pertaining to multitasking scenarios, in no way does the hypothesis argue that 
this is an aspect unique to multitasking. In fact, using spatial terms seems to 
be the one way in which humans relate to temporal information in general 
(Casasanto & Boroditsky, 2008). Thus, although the spatiotemporal 
hypothesis is formulated in the context of multitasking, there are conceptual 
and empirical bases implying that the notion of time in space has far more 
universal implications. 
 
The literature contains ample evidence that mental representations of time and 
space (and number) share a common psychological basis (Casasanto, 
Fotakopoulou, & Boroditsky, 2010; Dehaene & Brannon, 2011; Kadosh & 
Gertner, 2011; Núñez & Cooperrider, 2013). Recent studies reporting 
interfering effects of space and number on time judgments have been taken as 
evidence for an internal spatial representation of time (Dehaene, 2011). 
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Consistent with this idea, results have often indicated an asymmetric 
relationship between the mutual influence of space and number, on one hand, 
and time on the other (Casasanto et al., 2010; Gijssels, Bottini, Rueschemeyer, 
& Casasanto, 2013). The relationship between representations of space and 
time has been demonstrated to be asymmetric, as time judgments are 
influenced by concurrent spatial information, but not vice versa (Casasanto & 
Boroditsky, 2008; Magnani, Oliveri, & Frassinetti, 2014). According to 
Casasanto and Boroditsky (2008), this asymmetry is inconsistent with the 
hypothesis of a common magnitude processing system; instead, it reflects the 
influence of how people think about time, thus presenting indirect evidence 
for a cultural aspect of the perception of time. Indeed, people think, and as a 
result talk, about time using spatial representations. Many linguistic 
metaphors (e.g., time travel) that pertain to time are in fact spatial in nature 
(Gijssels et al., 2013; Kadosh & Gertner, 2011; Oliveri, Magnani, Filipelli, 
Avanzi, & Frassinetti, 2013). To sum up, Bonato, Zorzi, and Umiltà (2012) 
conclude in their overview of neural evidences of a mental timeline that 
“overall, there should be no doubt that the processing of time is not 
independent of the processing of space.” 
 
Lastly, when considering the involvement of spatial ability by way of binding 
temporal information, a few important factors specifically related to spatial 
ability need to be accounted for. 
 

Selective effects of spatial processing on multitasking 
 
In the research presented here, individual differences in spatial ability 
constitute a central factor in the investigation of multitasking and related 
higher cognitive functions. 
 
When talking about spatial ability we usually mean the human capacity to 
understand, reason about, and remember the spatial relations between objects 
(Carroll, 1993). It is a cognitive ability involved in representing, transforming, 
generating, and recalling symbolic, non-linguistic information (Linn & 
Petersen, 1985). In many types of interactions with the environment, such as 
grasping for things, navigating with a map, and memorizing the locations of 
objects on a computer screen, we make use of spatial relations between objects 
and between objects and ourselves (Voyer et al., 1995). According to most 
meta-analyses, spatial ability constitutes three main domains, i.e., mental 
rotation, navigation, and visualization. Partially because of its pronounced 
individual differences due to factors of age and sex, mental rotation is 
regarded as the core construct within the scope of this thesis. Extending earlier 
work, the focus is on potential sub-processes involved in mental rotation 



���

skills, to the extent that multitasking performance reflects individual and sex-
related differences in the mental rotation task (Mäntylä, 2013). 
 
In an influential theoretical review, Kosslyn (1987) and Kosslyn et al. (1989) 
proposed a distinction between two types of spatial representations in the 
brain, i.e., representations of categorical and coordinate spatial relations. 
According to that idea, categorical and coordinate spatial relations are handled 
by distinct neurocognitive processes that drive scene perception and motor 
control and are localized in different parts of the brain. Follow-up studies often 
report a left-hemisphere advantage for categorical processing and a right-
hemisphere advantage for coordinate processing (Hellige, 1995; Hugdahl, 
Thomsen, & Ersland, 2006; Laeng, Carlesimo, Caltagirone, & Miceli, 2002; 
Michimata, 1997; Rybash & Hoyer, 1992). Kosslyn’s distinction between the 
two kinds of spatial processing was originally explained in terms of 
lateralization, language, and the navigational processing of the two 
hemispheres, though a few years later the model was revised and a more 
adaptive view was implemented (Kosslyn, Chabris, Marsolek, & Koenig, 
1992). 
 
Functionally, the two representational systems are different as well. The 
categorical spatial relations of objects pertain to relations expressed in 
abstract, propositional terms such as “above/below” or “to the left/right of.” 
As such they are somewhat crude measures of the spatially expressed features 
of the objects that comprise the visual stimuli at the moment. In contrast, 
coordinate relations are more precise in nature and contain the exact metric 
distances between and within objects. In natural language, they are expressed 
in terms such as “three centimeters apart” and “five meters away.” According 
to Kosslyn’s theory, coordinate representations operate in such a way that they 
preserve the accurate metric distances between objects (as well as within 
objects if they are large or intricate enough) and specify their locations within 
a coordinate system; as such, they convey rather rich spatial information. In 
contrast, categorical representations assign a category to objects, such as 
“left/right,” “above/below,” and “in front of/behind,” in order to characterize 
the spatial relations between them as well as the spatial relations between the 
parts of an object—a much cruder type of spatial designation. These two types 
of spatial relation encodings serve distinct functions. Due to their higher 
resolution, representations of coordinate spatial relations are used to guide 
one’s actions, such as reaching and manipulating an object or efficiently 
navigating an environment. In contrast, representations of categorical spatial 
relations are employed when recognizing shapes that are contorted in an 
unfamiliar way, by preserving the category of relations among parts (e.g., an 
upper arm and forearm remain “connected by a hinge” no matter how they are 
positioned; Laeng, Carlesimo, Caltagirone, & Miceli, 2002). This is also the 
main justification for the reasoning in Study I, which investigates not only the 
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relationship between spatial ability and multitasking performance, but also the 
specific spatial processes underlying individual differences in multitasking. 
 

Sex-hormone effects on spatial abilities 
 
A straightforward strategy for testing the spatiotemporal hypothesis of 
multitasking is to examine how multitasking performance covaries across 
individuals with varying spatial skills (Mäntylä, 2013). To this end, a central 
aim of the present empirical studies was to examine sex-hormone-related 
effects in both spatial ability and multitasking. However, it should be noted 
that sex- and sex-hormone-related effects were here mainly considered 
conceptual tools for accentuating individual differences in spatial ability, and 
thereby for testing central predictions of the spatiotemporal hypothesis. 
 
To give a brief summary of the field of sex differences in cognitive abilities 
in general, a substantial body of research finds no, very small, or rather large 
and persistent sex differences, all depending on the target cognitive ability and 
the measures used (Hyde, 2014). There is ongoing scientific debate about the 
degree to which these cognitive differences really exist or, when they do, 
whether they are of actual societal importance (Miller & Halpern, 2014; 
Weber, Skirbekk, Freund, & Herlitz, 2014). 
 
Spatial ability is one of the very few cognitive abilities that proponents of both 
cognitive sex-difference (Almquist, Maccoby, & Jacklin, 1977) and sex-
similarity theories agree upon (Hyde, 2005). It is also worth mentioning that 
spatial ability is one of the few cognitive abilities for which detected sex 
differences are withstanding the test of time, the development of new theory 
(Kaufman, 2007; Voyer et al., 1995), and the development of new 
experimental and statistical methods (Miller & Halpern, 2014). In their review 
of the subject, Voyer and Voyer (1995) conclude that while sex differences in 
spatial ability still exist, they have decreased in magnitude in recent years, 
perhaps due to greater social and sexual equality.  
 
On the other hand—somewhat perplexingly and in contrast to the social role 
theory—a recent study conducted in 53 nations (and including 90,000 women 
and 111,000 men) found that the continuous pursuit of societal equality of the 
sexes has had a negative effect on the magnitude of differences in spatial 
ability (Lippa, Collaer, & Peters, 2010). This makes sex differences in spatial 
ability somewhat special, as in the case of most other cognitive differences, 
there has been a documented general increase in women’s cognitive 
performance over time, in turn explained by societal improvements in living 
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conditions and educational opportunities (Miyake et al., 2010; Weber et al., 
2014). 
 
Explanations of sex differences in spatial abilities (and other cognitive sex 
differences as well) have traditionally focused on a number of causes, 
including the evolutionary (Buss, 2004) and cultural development of gender 
roles, resulting in sociocultural factors such as gender socialization and gender 
stereotypes (Eagly & Wood, 1999; Ruble & Martin, 1998; Wood & Eagly, 
2002). Other, more biological explanations lean on cerebral development 
(Annett, 1992), different uses of visuo-spatial processing (Hugdahl et al., 
2006), and the effects of sex steroids (Halpern et al., 2007; Miller & Halpern, 
2014) to make their case. In addition, converging evidence from several rodent 
studies suggests that sex hormones affect spatial ability (measured as 
orientation behavior in maze wayfinding) during very early prenatal 
development. However, it is not clear how many of the findings regarding sex 
differences in rats can be extended to humans (Coluccia & Louse, 2004). 
Recently, accumulating evidence suggests that sex-hormones exert diverse 
and multi-dimensional influences on many aspects of cognition in humans and 
animals alike (Poromaa & Gingnell, 2014). This hormonal influence has been 
largely studied in relation to the effects of estrogen (Luine, 2014).  
 
Specifically, in relation to spatial ability, previous research suggests that it is 
mainly the levels of two hormones, estrogen and testosterone, that are related 
to sex differences in spatial abilities (Hampson, Levy-Cooperman, & Korman, 
2014; Hausmann, Slabbekoorn, Van Goozen, Cohen-Kettenis, & Güntürkün, 
2000; Postma, Winkel, Tuiten, & Van Honk, 1999). Following the 
predominant view that sexually dimorphic skills that favor males are improved 
during menstrual cycle (a phase usually accompanied by low estrogen levels, 
though there is substantial inter-individual variability reported; Poromaa & 
Gingnell, 2014). For females, decreased spatial abilities are associated with 
increased estrogen levels, while the male advantage on spatial tasks is matched 
by levels of testosterone within the normal adult-male range (Hausmann et al., 
2000; though see review by Yang et al., 2007, for some mixed results). Despite 
some evidence in support of this view, several behavioral studies seem to not 
always fall in agreement, leading Poromaa and Gingnell (2014) to adopt a 
rather cautionary view on the subject and conclude that, at present, there is no 
favor of an early follicular phase improvement (at menses) in mental rotation 
performance. Relatedly, they argue that differences in sexually dimorphic 
tasks are small and difficult to replicate. However, at least partially, 
differences in used paradigms, and concerns for low statistical power limit the 
conclusions that can be drawn and emphasize the argument that further studies 
in this area are needed (Toffoletto, Lanzenberger, Gingnell, Sundström-
Poromaa, & Comasco, 2014).   
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Most studies investigating the influence of estradiol levels on mental rotation 
have utilized the menstrual cycle, since administering estradiol for research 
purposes is not ethically permitted. Since natural hormonal variations occur 
with the menstrual cycle, obtaining information about the onset of menses and 
ovulation is conveniently used as an ecologically valid method, in order to 
investigate the spatial ability at high or low levels of natural estrogens. 
Obtaining such information from female participants, based on self-reports of 
the onset of menses, proved to be a valuable tool in the studies presented here. 
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representations. Conversely, individuals with compromised coordinate 
relational processing (e.g., due to hormonal fluctuations in the luteal phase) 
are expected to be inferior multitaskers when compared with individuals 
having efficient coordinate-type processing skills. The main hypothesis is that 
individual differences in spatial ability reflect the selective effects of 
coordinate (vs. categorical) spatial processing, which in turn contribute to 
individual and sex-hormone-related differences in multitasking (see the 
overview of Study I for a more detailed articulation of these arguments). 
 
Aim 2: Age-related and postmenopausal effects on spatial ability and 
multitasking. Study II continued testing the spatiotemporal hypothesis of 
multitasking by comparing the performance of two age groups, young and old 
adults. Following the idea that sex hormones have effects on spatial ability, 
and that spatial ability is, partially, the driving factor of sex and individual 
differences in multitasking, the hypothesis that multitasking performance 
reflects age- and sex-related differences in executive functioning and spatial 
ability was tested. 

 
Aim 3: Effects of concurrent spatial load on multitasking performance. The 
spatiotemporal hypothesis of multitasking was put to a direct test by studying 
the effects of concurrent spatial load on multitasking performance. 
Specifically, this was an attempt to determine whether superior spatial skills 
can act as a buffer during increasingly heavy concurrent load. A principal 
notion of the spatiotemporal hypothesis is that improved multitasking 
performance can be achieved by relying on cognitive offloading onto spatial 
abilities. In such a case, a logical implication is that restricting this source of 
cognitive offloading, for example, by introducing concurrent-task 
manipulations of a spatial nature, should compromise multitasking 
performance. A related aim of Study 3 was to examine whether concurrent 
spatial processing would have similar or differential effects on multitasking 
performance in individuals with different levels of spatial ability. In short, the 
aim was to determine whether spatially skilled individuals are more sensitive 
to concurrent-task manipulations than are less-skilled individuals.  
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Methods 

Participants 
In Studies I–III, a large majority of participants were university 
undergraduates. In Study II, older adults were recruited from a large-scale 
study of aging, memory, and dementia within the Betula project (see Nilsson 
et al., 1997, for further details concerning the sampling and inclusion criteria 
for participants in the project). For the most part, participation was 
compensated with course credits or movie vouchers. The assignment of 
participants to the experimental groups was non-random because, depending 
on their menstrual cycle, in two out of three studies, females were assigned to 
one of two groups, either menstrual or luteal. As a whole, very similar 
participant characteristics were retained across groups, resulting in an 
equivalent gender ratio and mean age in studies I and III. Study II differed in 
that regard, given that age differences in multitasking were studied, and 
inclusion of a group of older adults was a necessary part of the experimental 
design. 
 

Materials 
 
In studies I–III, the variables of interest were measured using well-established 
tasks of higher cognitive functioning, including multitasking, executive 
functioning, spatial ability, and numeracy, as well as spatial ability. These two 
variables, spatial ability and executive functions, were the main cognitive 
factors investigated in the research presented here. Additionally, as a test of 
innate mathematical ability, the Berlin Numeracy Test (Cokely, Galesic, 
Schulz, Ghazal, & Garcia-Retamero, 2012) was used in Study I. Given that 
the main measure of multitasking performance was based on monitoring 
digital counters (details of the counter task are described on p. 38), numeracy 
was assessed as a check for possible alternative explanations involving 
mathematical ability. The following section presents an account of the 
cognitive tasks used in the studies. For the well-validated tasks, a brief 
summary is given together with references, while the tasks constructed in 
house are described in detail. 
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Executive function tasks 
 
Three executive functioning tasks were used, reflecting the componential 
model of Miyake et al. (2000; see also Del Missier, Visentini, & Mäntylä, 
2015; Mäntylä, 2013; Mäntylä, Carelli, & Forman, 2007). Only one target task 
was included in each of the three studies (see details below), mainly due to 
practical limitations, as most testing sessions lasted close to two hours. 
 
In Study I, executive functioning was assessed using the letter memory and 
switching tasks. The former consists of sequences of letters presented for fixed 
durations, and at the end of each sequence participants are asked to report the 
last four letters. The task is intended to measure the ability to update working 
memory contents, which is considered a core component of executive 
functioning (Miyake et al., 2000). In the switching task (Monsell, 2003; 
Schmitter-Edgecombe & Langill, 2006), participants were instructed to 
classify digits in terms of parity (odd vs. even) and magnitude (lesser or 
greater than 25). The instructions are to respond as fast as possible while 
avoiding mistakes. Individual differences in numeracy—the ability to 
understand and work with numbers—were assessed using the Swedish version 
of the Berlin Numeracy Test (Cokely et al., 2012; Lindskog, Kerimi, Winman, 
& Juslin, 2015). 
 
In Study II, executive functioning was assessed using the matrix-monitoring 
task (Salthouse et al., 2003). It involves a series of displays beginning with a 
dot in one cell of a matrix, followed by a sequence of two arrows, and finally 
by a dot in another cell of the matrix. The task is to decide whether the dot 
was in the cell that would have resulted from movement in the directions 
indicated by the arrows. Successful performance on this task is assumed to 
require accurate revision of the dot position with each successive arrow, 
measuring the ability to update working memory representations (for details, 
see Salthouse et al., 2003).  
 

Spatial ability tasks 
 
Across studies I–III, a pen-and-paper version of the Mental Rotations Test 
(MRT; Peters et al., 1995; Vandenberg & Kuse, 1978) was used as a measure 
of spatial ability. In this task—generally agreed to require spatial ability—the 
goal is to match a target item to two, out of four, rotated alternatives. 
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0001, another 4.2 seconds for the counter to advance to 0002, and so on. 
Across all the studies, from left to right, the leftmost counter was running at 
an internal speed of 4.2 seconds per unit, followed by 3.7, 2.7, and 2 seconds 
per unit for the rightmost counter. The participant was to monitor all the 
counters for the duration of the task (≈20 minutes) and to respond, by pressing 
the spacebar, at certain predetermined values. Again, the purpose of this task 
was to mimic the completion of four independent tasks within a timeframe of 
about twenty minutes, so the predetermined values were unique for each 
counter. This meant that participants followed four separate sets of rules, or 
deadlines, one pertaining to each counter. The “double digit” rule meant that 
correct feedback was the values 0011, 0022, 0033, 0044, 0055, and so on. For 
the “multiples of twenty” rule, correct feedback was the values 0020, 0040, 
0060, 0080, 0100, and so on. The “multiples of twenty-five” rule meant that 
correct feedback was the values 0025, 0050, 0075, 0100, 0125, and so on. 
Finally, the “multiples of seven” rule meant that correct feedback was the 
values 0007, 0017, 0027, 0037, 0047, and so on. 
  
Participants were always instructed to monitor each counter by pressing a 
specific color-coded key whenever they wanted to. With the pressing of the 
key, the corresponding counter appeared from behind the colored occluder (of 
the same color) for 2 seconds. Further instructions were that the spacebar had 
to be pressed whenever a target reading was displayed. Targets were 
determined with the specific instructions given before the program was started 
(see the paragraph above for details on the target readings). Response accuracy 
was the dependent measure. Depending on the combination of rules and 
counter running speeds, the maximum response accuracy varied between 103 
and 120 correct items within the duration of twenty minutes. 
 
Another measure of multitasking used in Study I was the computerized 
multitasking scenario Simultaneous Capacity/Multi-Tasking (SIMKAP; 
Bratfisch & Hagman, 2003). SIMKAP comprises three main tasks to be 
performed simultaneously, along with a fourth task that periodically interrupts 
the other three tasks. These main tasks consist of simple operations such as 
crossing over matching numbers, doing word puzzles, or remembering future 
intentions, while the fourth task evokes common tasks via simulations of 
technology (e.g., responding to emails, looking up calendar schedules, or 
retrieving phone numbers from an address book; Figure 2). The running time 
is approximately 30 minutes. SIMKAP is a widely used commercial 
simulation of complex everyday multitasking with good measurement 
properties (Bühner et al., 2006; van der Horst, Klehe, & van Leeuwen, 2012). 
Compared with the counter task, individual differences in SIMKAP 
performance unquestionably reflect a wider variety of skills, including 
different kinds of spatial and nonspatial abilities, so SIMKAP was mostly used 
to explore the generality of the counter task; low correlation between the two 
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tasks should be taken as a possible indicator that they do not tap into the same 
cognitive processes. 
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Overview of Studies 

An important methodological aspect of all three studies presented here is that 
they assess the menstrual and luteal phases of the female participants as a way 
of extracting (and predicting) the accentuating effects of sex hormones on 
spatial ability and, as an extension, on multitasking performance. Thorough 
planning of the data collection with regard to the monthly female hormonal 
cycle allowed for the separation of two subgroups, luteal and menstrual, of 
female participants. Besides reporting simple sex differences, in all three 
studies the results were presented as comparisons between three groups: 
luteal, menstrual, and males. 

Study I 
 
Todorov, I., Del Missier, F., Konke, L. A., & Mäntylä, T. (2015). Deadlines 
in space: Selective effects of coordinate spatial processing in multitasking. 
Memory & Cognition, 43, 1216–1228. 
 
In Study I, the generality of the spatiotemporal hypothesis was examined by 
testing its predictions in two experiments. In Experiment 1, we tried to 
replicate previous results of Mäntylä (2013). In Experiment 2, we pursued the 
idea that the effects of spatial ability on multitasking are the result of 
individual differences in a specific spatial ability known as coordinate spatial 
processing. The main intention was to go a step further in exploring the claim 
that spatial ability is involved in multitasking by actually trying to pinpoint 
more exact mechanisms of spatial ability as an independent predictor of 
multitasking performance. For this purpose, we adopted Kosslyn et al.’s 
(1989) view that there are two separate types of spatial representations, a 
categorical and a coordinate one. Despite general agreement on the distinction 
between coordinate and categorical spatial processing, sex differences in these 
specific processes have not been systematically investigated, so empirical 
support for selective effects is non-existent. However, several lines of 
evidence would be consistent with such a difference. First, the distinction 
between categorical and coordinate processing is believed to reflect 
lateralization in the organizational structure of the brain, with several studies 
indicating that the left and right cerebral hemispheres may play different roles 
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in processing these two spatial relations. Typically, processes supported by 
the left cerebral hemisphere are more proficient in processing categorical 
spatial relations, whereas processes associated with the right cerebral 
hemisphere seem more effective in tasks based on coordinate spatial relations. 
The specific a priori prediction for Study I was that coordinate spatial 
processing would have selective effects on multitasking performance, as it is 
the coordinate spatial processing that specifies precise spatial locations in a 
way that is useful for guiding actions further down the line.  
 

Method 
Experiment 1 
A total of 102 participants (47 males) aged 18–38 years (mean age = 22.8 
years) were recruited, mainly at the University of Trieste, Italy. All 
participants completed tests of spatial ability, executive functions, and 
multitasking, similar to the ones used in Study II as well as in Mäntylä (2013). 
 
Experiment 2 
A total of 122 university undergraduates (44 males) aged 18–44 years (mean 
age = 25.6 years) participated in the study in return for partial course credit or 
a movie voucher. Sample size was determined using an a priori power analysis 
based on the correlation between MRT and counter task performance in 
Experiment 1, resulting in approximately 40 participants in each of the luteal, 
menstrual, and male groups. Importantly, the female participants completed 
the test session while being in either the menstrual phase (defined as 2–3 days 
before the predicted onset of menses or during the first week of the cycle; 39 
females) or in the luteal phase (defined as 2–3 days before ovulation or during 
the days of predicted ovulation; 37 females) of their menstrual cycle. 
Individuals who were under hormonal treatment, used hormonal 
contraceptives, or were pregnant were not included in the study. As in 
Experiment 1, participants completed tests of spatial ability, executive 
functions, and multitasking, but here we added more finely tuned tests of 
coordinate and categorical spatial ability and an additional, highly validated, 
test of multitasking performance: SIMKAP. 
 

Results 
 
As a whole, across both experiments, participants with efficient spatial 
abilities were better multitaskers than were individuals with more limited 
spatial skills. While Experiment 1 mostly replicated the results of Study II, in 
Experiment 2 coordinate spatial processing was selectively correlated with 
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terms, the findings suggest that spatial abilities are complementary to 
executive control functions by providing a form of mental scaffolding for 
complex temporal relations. Under conditions in which prior knowledge 
scripts and habitual schemas are not available or the demands on executive 
control are high due to task constraints and deadlines, spatial relation 
processing may facilitate multiple task monitoring and goal-directed behavior. 
By relying on patterns of mental timelines, demands on working memory and 
related executive control functions can be reduced and, as the findings 
suggest, a more finely tuned metric representation of these spatiotemporal 
relations may provide more accurate support than do categorical relations. 
 
 

Study II 
 
Todorov, I., Del Missier, F., & Mäntylä, T. (2014). Age-related differences in 
multiple task monitoring. PLoS ONE, e107619.  
 
Previous research has demonstrated that both executive functions and spatial 
ability are reliable predictors of multitasking performance. To extend the 
generality of this research, the aim of the present study was to examine age- 
and sex-related differences in multitasking performance while considering 
individual differences in executive functioning and spatial ability in a 
population-based sample of older adults. An essential finding of Study I and 
Mäntylä’s (2013) study was that sex-related hormones had an effect on spatial 
ability, and by extension, on multitasking performance as well. A direct 
implication of this is that sex differences in multitasking performance would 
be expected in young adults, but would be reduced or even eliminated in 
included postmenopausal older adults. A specific aim was therefore to 
investigate whether the spatial advantage for males would still emerge as an 
independent predictor of multitasking performance, even when sex hormones 
were not expected to have an effect on spatial ability—as should be the case 
with the postmenopausal women included in the old adult group.  
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Method 
 
Eighty adults, with equal numbers of males and females, participated in the 
study in return for partial course credit or payment. Young participants were 
university undergraduates aged 20–38 years (mean age = 25.8 years). Older 
adults were aged 63–73 years (mean age = 67.2 years) and were recruited by 
random sampling via the Swedish population registry. Specifically, a large 
majority of the older adults were recruited from a large-scale study of aging, 
memory, and dementia (see Nilsson et al., 1997, for further details concerning 
sampling and inclusion criteria). Pretest interviews indicated that none of the 
older participants were computer gamers, although most of them (72%) 
reported being experienced computer users. The participants completed tests 
of spatial ability, executive functions, and multitasking. 

Results 
 
The main findings partially supported the hypotheses in that multitasking 
performance reflected individual differences in both executive functioning 
and spatial ability. Consistent with past research, participants with efficient 
executive functions were better multitaskers than were those with less efficient 
executive control functions (even after controlling for spatial ability), and this 
conclusion was independent of age as a factor. There were reliable age effects 
on multitasking performance (see Figure 1); however, these effects were not 
limited to a contrast between old adults and young (undergraduate) adults, but 
were also observed within the 10-year age range of the old adult sample. In 
addition to executive functioning, multitasking performance was related to 
individual differences in (younger adults’) spatial ability. Efficient spatial 
ability was associated with efficient multitasking, even after controlling for 
individual differences in executive functioning. However, this effect was age 
specific in that individual differences in spatial ability did not significantly 
contribute to old adults’ multitasking performance, suggesting that reliance on 
spatial processes for coordinating deadlines is reduced with advancing age. 
The third main finding of the study was that both age groups displayed 
systematic sex differences in multitasking, favoring men. In contrast with the 
young adults, old adults’ multitasking performance was not statistically 
related to spatial ability.  
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Figure 2. The main results of Study II, showing accuracy on the counter task as a 
function of age and sex. Error bars indicate the standard error of the mean. 

 
 

Conclusions 
 
The findings of Study II support the hypothesis that individual differences in 
multitasking reflect independent contributions of executive functioning and 
spatial ability (as measured by the Mental Rotation Test) in younger adults. 
Older adults’ performance is possibly supported by executive functioning in 
the same vein, but the influence of different aspects of spatial skills or 
nonspatial age-related differences needs to be assumed in order to explain the 
observed sex differences favoring older males versus older females. The study 
is also an indirect replication of Mäntylä’s (2013) study, the results of which 
generally follow the same pattern. 

Study III 
 
Todorov, I. Disrupting the pattern: Effects of concurrent spatial load on 
multitasking performance. Manuscript. 
 
The preceding studies examined multitasking performance using an 
individual-differences approach, finding that it was best predicted by two 
independent cognitive factors: executive functions and spatial ability. 
However, as the evidence for the involvement of spatial ability in multitasking 
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performance was largely correlational, establishing a more direct, underlying 
link between the two is important. Therefore, the effects of concurrent load on 
spatial ability during multitasking were directly tested. Study III was guided 
by the idea that disruption of the spatial layout of the counter task might have 
detrimental effects on temporal coordination, in the context of multiple task 
monitoring. A prediction of the spatiotemporal hypothesis is that increasing 
demands on spatial processing should reduce multitasking performance by 
interfering with the spatial offloading of demands on coordinating deadlines. 
If spatial ability is truly important for coordinating deadlines while 
multitasking, performance should be negatively affected by concurrent spatial 
load. It was also predicted, in line with studies I and II, that the fluctuation in 
female sex hormones would accentuate the expected sex differences. Thus, we 
used a version of the counter task modified to include a built-in concurrent 
spatial load. Importantly, this type of spatial manipulation is intrinsic in 
nature, and is not the same as the more traditionally used secondary-task 
manipulations, which present more of a working memory load difficulty. 
Participants completed three versions of the counter task, two of which were 
“loaded” with increasing levels of concurrent spatial load. These two 
conditions were then compared with baseline performance on the counter task.  
 

Method 
 
A total of 185 university undergraduates (83 males) aged 19–47 years (mean 
age = 25.6 years) participated in the study in return for partial course credit or 
a movie voucher. As in Experiment 2 in Study II, based on self-reports, the 
female participants completed the test session while being in either the 
menstrual phase (defined as 2–3 days before the predicted menstruation, or 
during the first week after the onset of menses) or the luteal phase (defined as 
2–3 days before ovulation, or during the days of predicted ovulation) of their 
menstrual cycle. Individuals who were under hormonal treatment, used 
hormonal contraceptives, or were pregnant were not included in the study. 
 
For this study, we used no-load, medium-load, and high-load versions of the 
counter task. In the no-load condition (n = 57), the program ran for 20 minutes 
without changes in the layout of the individual counters. The positions of the 
four counters were identical to those in the counter task used in Study II 
(Figure 3).  
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General Discussion 

If this thesis can be summarized as an attempt to answer one general question, 
then the question would probably go something like this: Is spatial ability 
involved in multitasking, and is it a potential source of individual differences 
in multitasking performance? In that case, the short answer would be: Yes, 
and yes, it is. To be able to give this short answer, this thesis presents the idea 
of the spatiotemporal offloading of cognitive control when demands for it are 
high. This idea is an extension of the spatiotemporal hypothesis, which 
predicts that under high demands on temporal coordination (e.g., multiple 
tasks with narrow deadlines), individuals with efficient spatial abilities should 
be better multitaskers than less spatially skilled individuals. 
 
To sum up the results, studies I and II demonstrate that executive functions 
together with spatial ability emerge as independent predictors of multitasking 
performance. Across all experiments (in studies I and II), MRT scores were 
positively correlated with scores on the counter task—the primary measure of 
multitasking performance. Additionally, in studies I and II, group and sex 
differences in multitasking performance were mediated by spatial ability.4 
These results were observed even after statistically controlling for individual 
differences in executive functions—also replicating the findings of Mäntylä 
(2013)—lending additional support to the spatiotemporal hypothesis of 
multitasking. 
 
A central finding of Study I is that multitasking performance was related to 
specific processes of spatial ability, as individuals with efficient coordinate, 
rather than categorical, spatial relation processing were better multitaskers 
than were individuals with less efficient metric spatial abilities. Extending and 
replicating earlier work (Mäntylä, 2013), these results are of high significance, 
as they, for the first time, indicate that sex differences in spatial ability can be 
attributed to specific transformational processes that go beyond the descriptive 
term of “mental rotation,” and that individual and sex-related differences in 
multitasking can be partly attributed to these specific processes. Furthermore, 
the findings of Study 1 suggest that these metric spatial processes are sensitive 
to sex-hormone-related fluctuation, in that females in the luteal phase of the 

                                                        
4 Mediational analyses and SEM models were not included in the final versions of articles, but 
were nonetheless conducted and indicated statistical significance. 
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menstrual cycle were both slower and less accurate than were females in the 
menstrual phase or males. 
  
These findings support the idea that better multitasking performance is 
associated with the more precise (and demanding) transformation of temporal 
deadlines to a metric spatial representation, as compared with spatial 
processes relying on more relative spatial categories. Moreover, these 
differences were not an artifact of task difficulty,5 as both the coordinate and 
categorical tasks were comparable in terms of overall task accuracy. Thus, 
there is reason to further speculate about the functional level at which 
multitasking is accomplished. By monitoring patterns of mental timelines, 
which puts heavy demands on working memory and related cognitive control, 
executive functions can be alleviated by means of offloading onto spatial 
ability. Given the present results, it is possible that the fine-tuned metric 
(coordinate) representation of spatiotemporal relations provides more accurate 
support than do categorical relations. As a result, multitasking performance in 
the luteal phase is perhaps negatively affected by means of the effect of sex 
hormones on coordinate spatial ability. As such, individual differences in 
multitasking are accentuated during the early ovulation phase of the menstrual 
cycle, when reduced spatial performance is also widely reported (Hampson et 
al., 2014; Hausmann et al., 2000). 
 
In Study II, in which young and old adults were directly compared, a predicted 
effect of age was observed, with young adults obtaining higher scores on the 
counter task. The main finding, i.e., that multitasking performance reflected 
individual differences in both executive functions and spatial ability, partially 
supported the spatiotemporal hypothesis of multitasking. As in Study I, 
participants with efficient executive functions were better multitaskers across 
both age groups, even after controlling for spatial ability (see Verhaeghen, 
Steitz, Sliwinski, & Cerella, 2003 for an overview of age effects on dual-task 
performance). Interestingly, these age effects were not simply limited to a 
contrast between old and young (undergraduate) adults, but were also 
observed within the 10-year age range of the old adult sample. However, the 
emergence of spatial ability as an independent predictor of multitasking 
performance was age specific, as individual differences in spatial ability did 
not contribute significantly to the old adults’ multitasking performance. Thus, 
multiple task monitoring—and its postulated component processes, executive 
functioning and spatial ability—appear to be age sensitive. In line with the 
results of Study I, these findings suggest that executive functioning does 
indeed contribute to multitasking performance, though with advancing age, 
reliance on spatial processing for offloading the coordination of deadlines is 

                                                        
5 It has been argued in the literature that coordinate spatial processing is innately more difficult 
than categorical spatial processing. 
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probably reduced. Likewise, the functions of executive control and spatial 
ability in multitasking do not seem to follow similar trajectories as 
independent predictors across the lifespan, suggesting that efficient executive 
functioning is a prerequisite for spatiotemporal offloading, rather than that 
spatial ability acts a compensatory strategy for declining executive functions. 
Efficient control is therefore probably needed when using other cognitive 
resources and support systems. In contrast, in the case of external offloading 
(or using situated cognition), the environment is perhaps used to provide 
support, especially when executive functioning is declining. These 
conclusions are supported by studies reporting that age differences in 
cognition are reduced when high external support is available, but are 
accentuated when demands on self-initiation and executive processes are 
increased (Craik & Bialystok, 2006). 
 
Compared with studies I and II, Study III was based on a somewhat different 
approach, as spatial ability was not directly assessed. Instead, the premise of 
the study is in the results of studies I and II (as well as Mäntylä, 2013), in 
which sex differences in multitasking were mediated by spatial ability and 
covaried with the female menstrual phase. Instead of measuring spatial ability 
as a single task and then relating it to multitasking performance, an additional 
spatial load was built directly into the counter task (see the Method section of 
Study III for details) in two separate conditions: medium-load and high-load 
(all participants also completed the no-load condition used in studies I and II). 
As a result, decreased multitasking performance as a function of spatial load 
was observed across all groups and all three conditions. In line with the 
spatiotemporal hypothesis and the results of studies I and II, sex differences 
in multitasking were also present, with males outperforming females in all 
three conditions. Having opted for the same grouping variable as in studies I 
and II, based on the monthly hormonal cycle, a similar pattern of results was 
observed even in Study III. The spatial load, created by reshuffling the 
counters every 4 (medium-load) or 3 (high-load) minutes, had the biggest 
detrimental effect on females in the luteal phase. In the condition without 
spatial load, or when the spatial load was moderately disruptive, males and 
menstrual females displayed statistically equivalent performance (a slight 
nominal advantage was observed in the males, but was far from statistical 
significance). Under the high-load condition, declines in multitasking 
performance were observed in all three groups, but the small male advantage 
was shown to be statistically significant when contrasted with the performance 
of both female groups.  
 
Compared with the results of studies I and II, as well as with the results (and 
conclusions) presented by Mäntylä (2013), it is evident that Study III follows 
a very similar pattern with regard to multitasking performance, sex 
differences, and the accentuating effects of sex hormones on the group of 
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luteal females. Thus, even Study III, in which spatial ability was not directly 
measured, directly supports the spatiotemporal hypothesis of multitasking. 
Arguably, Study III gives even stronger support to the hypothesis as it goes 
beyond simple correlations and tests direct effects of spatial load on 
multitasking performance. 
 
In conclusion, the results of all three studies included in this thesis follow a 
similar pattern, supporting the main idea that multitasking performance 
reflects individual differences in executive functions and spatial ability. Sex 
differences in favor of males are also accentuated by fluctuations in sex 
hormones, with females in the luteal phase obtaining the lowest scores. 
 

Limitations, strengths, and use of experience-neutral 
tasks 
 
As is the case with most research, there are certain limitations to the studies 
presented here. Arguably the biggest limitation, although not a critical one for 
the studies, is related to the fact that in all three studies an a priori idea 
concerning the effects of sex-related hormones was used to divide the 
participants into three groups. While the core idea itself is based on solid 
theoretical reasoning concerning sex differences in spatial ability (see Miller 
& Halpern, 2014; Voyer et al., 1995 for reviews), direct hormone 
measurements were not made in any of the three studies presented here. While 
the practical aspects of measuring hormones are somewhat challenging and 
often omitted in many studies, Hausmann et al. (2000) rightfully argue that 
proper hormone measurements, to validate cycle phases, are vitally important 
when conducting menstrual cycle studies. However, the presented studies did 
not focus on hormonal effects as such, as the presumed effects of sex steroids 
were used as a basis to generate predictions about multitasking performance 
across the menstrual cycle. Clarification of how the menstrual phase was 
assessed is thus needed. In all three studies, assessment of the menstrual phase 
was based exclusively on self-reporting. Understandably, assessing the onset 
of menses is less problematic and does not need further clarification. The onset 
of the luteal phase, on the other hand, involved a certain degree of estimation 
by the experimenter and participants alike. It was usually estimated by 
forward-counting by the participants, based on the onset of menses. Although 
these subjective measures for predicting the onset of ovulation have been 
shown to correlate with objective measures (e.g., Baker, Denning, Kostin, & 
Schwartz, 1998), self-reports provide only a proxy for more specific sex-
hormone-related effects on higher cognitive functions (see also Bean, Leeper, 



� ��

Wallace, Sherman, & Jagger, 1979). In a recent review of inconsistencies in 
determining the menstrual phase in human biobehavioral research (Allen et 
al., 2016), self-reporting of the onset of menses was deemed to have limited 
application, given the between- and within-woman variation in the length of 
menstrual phases. Likewise, self-reports cannot permit phase or sub-phase 
comparisons across studies (which is not an issue for the present research). 
For these reasons, it would be highly desirable for future studies to use 
appropriate measurements of hormones.  
 
Here, a relevant question concerns how the self-reporting of the onset of 
ovulation may have affected the results. It is actually reasonable to assume 
that using self-assessment probably reduced (and absolutely not enhanced) the 
magnitude of the sex differences found in the studies. In particular, as the 
estimates of the luteal phase were indirect and arguably less reliable than those 
of the menses, it can be expected that estradiol levels, which are linked to 
diminished spatial ability (Luine, 2014), were not necessarily heightened in 
some of the female participants, who reported being in the luteal phase at the 
time of testing. In a recent study of perceived attractiveness, Cantú, Simpson, 
Griskevicius, Weisberg, Durante, and Beal (2014) reported that approximately 
30% of the initially recruited female participants were omitted from their 
study because they did not display heightened levels of sex hormones during 
the expected luteal phase. Some female participants had to return to the lab 
repeatedly for the surge in hormones to be detected. However, said limitation 
does not entail serious validity problems for the studies presented here, as 
menstrual phase assessment is used only as a way of creating three groups. 
Also, despite self-reporting not being an optimal measure, in each of the three 
studies there was a robust group effect (again, menstrual and luteal groups 
were created using self-reporting) on multitasking performance. In short, in 
accordance with the literature, the assessment of the menstrual phase was far 
from optimal; nonetheless, for the present purpose, it can be deemed fully 
adequate, as it was used only as a simple screener for determining the group-
belonging of the participants. 
 
Another methodological limitation comes from the tool used to measure 
multitasking performance. The counter task was developed in house, in an 
attempt to devise an experience-neutral multitasking scenario that at its core 
captures the most important features of multitasking—monitoring and 
interleaving multiple deadlines. This scaled-down version of a real 
multitasking scenario, while good at measuring proficiency in monitoring 
multiple deadlines, does not incorporate many other factors present in real-life 
multitasking. Also, while the counter task places rather high demands on 
temporal coordination, demands on prospective memory are rather low. 
Again, in twenty minutes, it is hard to capture all the facets of multitasking 
scenarios that might last much longer in real life; however, the task arguably 
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captures their essence. Being fully aware of the limitations of the counter task, 
in Study I, Experiment 2, we wanted to test the generality of the 
spatiotemporal hypothesis by having participants complete an additional 
measure of multitasking, SIMKAP—a more realistic and validated 
multitasking scenario. Both measures of multitasking performance displayed 
similar patterns of results and were also correlated not only with each other 
but also with measures of spatial ability. 
 
Since the configuration of the counter task is based on combinations of 
separate forward-moving digital counters, it could also be argued that the task 
is numerical in nature—a game of numbers, if you like. If this is the case, it 
could unfortunately also lend anecdotal support to the spatiotemporal 
hypothesis, by way of male superiority in number processing (though see 
Hyde, 2014; Weber et al., 2014 for recent views of the changing face of 
cognitive sex differences). That is why Study I included administration of the 
Berlin Numeracy Test (Cokely et al., 2012; Lindskog et al., 2015). 
 
Also related to the counter task, the spatial nature of the additional cognitive 
load in Study III can be questioned. Arguably, the additional cognitive load 
introduced by the recurring reshuffling of the counters is general in nature. 
While this alternative explanation cannot be completely ruled out, the sex and 
group differences found in Study III display patterns similar to the ones 
observed in studies I and II, and do not support possible criticisms concerning 
the general nature of the cognitive load. Thus, if the additional cognitive load 
induced by reshuffling the counters were not spatial in nature, one would not 
expect the different groups to be affected in different ways by it. In particular, 
in the no- and medium-load conditions, the performance of males and 
menstrual females did not vary significantly, and only the luteal group’s 
performance was severely affected. As such, the results are entirely in line 
with studies I and II, indicating robust male advantage in all three conditions 
coupled with the lowest scores for the luteal group. 
 
Lastly, a caveat that can be seen as both a limitation and a strength of the 
presented studies pertains to the simplistic nature of the counter task. It can be 
argued that monitoring three (Study II) or four (studies I and III) digital 
counters on a computer screen is far too unsophisticated a task to capture 
everyday multitasking ability. While this argument is at least partly true, there 
is good reasoning behind the way the task is structured. One especially 
important reason for using the counter task is that its simplistic nature 
minimizes the role of previous expertise. So while virtual simulations have 
shortcomings in the general applicability of their results by being too 
simplistic, for experimental research, they are more feasible than real-world 
simulations are because no domain expertise is needed to perform the task. 
Also, the limits of good performance are easier to define and measure in such 



� �

tasks. As argued in the introduction, previous experience with a task results in 
the development of cognitive schemas and scripts, as internal representations 
of a situation containing certain regularities become automatized. This factor 
makes it exceedingly difficult to examine the unadulterated cognitive 
mechanisms involved in multitasking, and to tease them apart from effects of 
expertise. That is why it is important to use tools that capture the central 
aspects involved in multitasking performance while, if possible, keeping the 
recruitment of scripts and schemas to a minimum. Monitoring a number of 
independent counters simultaneously calls for important cognitive resources, 
such as task interleaving, information updating, and working memory, as well 
as putting demands on perception and motor coordination, among other skills. 
Thus, the counter task represents a well-controlled paradigm that captures 
essential aspects of multitasking (i.e., simultaneously monitoring multiple 
deadlines resulting in well-timed alterations between tasks). At the same time, 
it eliminates, or at least attenuates, several confounders that usually affect 
more realistic multitasking situations in which component tasks have domain- 
and task-specific requirements, and thus possibly require a combination of 
diverse skills that do not limit performance measures to core cognitive 
abilities. 
 
Another limitation of the studies is that their results can only be related to a 
very small pool of studies. Only in recent years have gender differences in 
multitasking become a topic of great interest in the literature (Hambrick et al., 
2010; Mäntylä, 2013; Stoet, O’Connor, Conner, & Laws, 2013; Strayer et al., 
2013), but in general, due to the complex nature of multitasking, it is hard to 
directly compare results. While most studies (albeit using the dual-task 
paradigm or having experts as participants) report no gender differences in 
multitasking (Redick et al., 2012; Strayer et al., 2013), a few studies do report 
contradictory results. In a recent study, Stoet et al. (2013) found that some 
task-switching costs are higher for males than for females, but that the effect 
size was minimal, at around one third of a standard deviation. Hambrick et al. 
(2009) report sex differences equivalent to roughly 5 IQ points in favor of 
males in two virtual multitasking environments, i.e., Synthetic Work 
Paradigm and SynWin. Also, Colom, Martínez-Molina, Shih, and Santacreu 
(2010) found an average sex difference equivalent to 7 IQ points, also favoring 
males. Likewise, Mäntylä (2013) reported male advantage in multitasking of 
about ten percent on the counter task, with menstrual fluctuation moderating 
these effects, in that significant sex differences in multitasking performance 
(and spatial ability) were observed between males and females in the luteal, 
but not in the menstrual, phase of the cycle. These three independent studies 
stand against a widely accepted, but mostly anecdotal, belief that females are 
better at multitasking than are males. Finally, in a very recent study comparing 
different multitasking simulations, Redick et al. (2016) fail to find significant 
gender differences in five measures of multitasking. 
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Real-life multitasking versus lab experiments 
 
As previously mentioned, in both the private and work spheres, multitasking 
between three or more different tasks has become a pervasive necessity of 
everyday cognition. This form of multitasking demands that the management 
of several different ongoing tasks be completed within a limited time (Logie 
et al., 2011). In everyday life, multitasking demands on perceptual, cognitive, 
and motor resources are probably very different and have diverse regularity 
compared with laboratory tasks, which are often based on a structure of rapid 
switching between tasks. In such a case, experimental research in realistic 
settings should be highly desirable. On the other hand, studying human 
behavior in its natural multitasking environment can be too cumbersome to be 
a feasible alternative, while a lack of experimental control can also 
compromise participant safety. For example, the multiple-errands test (MET; 
Alderman, Burgess, Knight, & Henman, 2003; Shallice & Burgess, 1991) is 
regarded by some researchers as having an optimum task order. MET includes 
dealing with real tasks in a real shopping mall, and the tasks have to be planned 
and executed in the most efficient way possible. MET is close to real life and 
requires very little or no initial practice, which makes it perfect for studying 
non-expert behavior. Nevertheless, it also has some of the obvious drawbacks 
common in most experiments conducted in real-life settings. As discussed by 
Bailey et al. (2010), conducting experiments in naturalistic settings is time 
consuming, usually requires transport for the participants, and it is often 
difficult to obtain consent from local businesses. Additionally, high data 
reliability is harder to achieve and the tasks cannot easily be adapted for other 
research settings. 
 
By virtue of being more practical than real-life scenarios, virtual work 
simulators, such as the generic multitask batteries SYNWORK (Elsmore, 
1994), MATB (Comstock & Arnegard, 1992), and SIMKAP (Bratfisch & 
Hagman, 2003), have become viable options for research into multitasking 
performance. These simulations usually comprise several simultaneously 
running subtasks, and are poised to call on cognitive resources such as 
perception, information updating, and short-term memory. Also, the structure 
of the simulations is such that said cognitive functions are often needed 
concurrently in several of the subtasks. Generic multitasking simulations have 
their own limitations, not least regarding the general applicability of the 
results, but are far more feasible than are real-world scenarios and usually 
have the added benefit of no domain expertise being needed to perform them. 
Importantly, each virtual multitasking scenario has a separate criterion by 
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which it examines the relative importance of different cognitive abilities and 
cannot be assumed to tap equally into the same cognitive mechanisms. For 
example, Ackerman and Beier (2007) observed that working memory, 
intelligence, perceptual speed, and psychomotor measures were strongly 
correlated with performance on two different simulated air-traffic-control 
multitasks. However, spatial abilities predicted unique variance (beyond other 
ability measures) in only one of them, whereas working memory abilities 
displayed the exact opposite pattern. Similarly, Logie et al. (2011) observed 
that both verbal and spatial working memory were significantly correlated 
with performance on one virtual multitasking scenario (the Edinburgh Virtual 
Errands Test), but were not correlated with performance on another (the 
Cooking Breakfast task). Such findings indicate that using one particular 
multitask measure can influence the interpretation of how important certain 
cognitive and non-cognitive abilities are in predicting individual differences 
in multitasking. Additionally, virtual work simulators rely greatly on goal 
changing interruptions for successful task monitoring and the coordination of 
goal states. Performance on these simulators is thus partially a function of 
participants’ ability to continuously follow online instructions for the duration 
of the task. In this regard, the counter task can be considered a purer measure 
of the ability to monitor and coordinate multiple interleaved deadlines, which, 
is arguably the core mechanism behind successful multitasking. 
 

Implications beyond the field of multitasking 
 
It is important to note that besides establishing spatial ability as an 
independent predictor of multitasking performance (beyond the contribution 
of executive functions), the results of Study I have additional implications, 
extending beyond the field of multitasking. Besides producing the expected 
sex differences in favor of males on MRT, sex-hormone effects were also 
established in coordinate, but not categorical, spatial ability. These selective 
effects on coordinate spatial processing have theoretical importance in the 
field of spatial cognition, by way of providing direct evidence for sex 
differences in particular types of spatial abilities. In their review of the subject, 
Voyer and Voyer (1995) acknowledge that with an average effect size being 
a difference of 0.94 standard deviation units between the means of men and 
women, the Mental Rotations Test appears to produce the most robust sex 
differences. The authors also urge that “those conducting future research 
should concentrate on specific spatial tasks and give special consideration to 
the Mental Rotations Test in order to determine the factors underlying sex 
differences in spatial performance” (Voyer and Voyer, 1995, p. 265). Sex 
differences have been widely recognized in the field of spatial cognition, but 
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explaining them has proven to be a difficult nut to crack (Miller & Halpern, 
2014). I hope that the results of Study I point towards one plausible avenue 
for further investigation, and that the new knowledge that sex differences seem 
to occur only in the coordinate processing of spatial information brings some 
clarity to the issue. 

Future directions 
 
In addition to studies addressing individual differences in multitasking 
performance, it is important that future studies concentrate on actual 
multitasking. Dual-tasking, which has often been used interchangeably with 
multitasking, does not let us study the intricate processes of scheduling and 
interleaving multiple deadlines, as opposed to multitasking among three or 
more different tasks. An interesting direction for future research would be to 
improve our understanding of how multiple goal states and deadlines are 
orchestrated in real life, by examining individual differences in multitasking 
performance in relation to other components and mediators of cognitive 
control and spatial ability. 
 
Given that the presented studies support the idea that spatial cognition is of 
importance for successful multitasking, first and foremost, a more solid link 
between the two needs to be established. Possibly, such a link could be 
established by conducting training studies. For example, working memory has 
been a popular candidate for training studies, yet more often than not, such 
studies fail to produce long-lasting and far-transfer effects (see Melby-Lervåg, 
Redick, & Hulme, 2016 for a review of the subject). Recently, Meneghetti et 
al. (2016) reported that mental rotation training actually produces long-lasting 
transfer effects in tasks other than those practiced. Other studies have also 
found that extensive training with action video games that place high demands 
on spatial cognition improves performance on virtual multitasking scenarios 
(Chiappe, Conger, Liao, Caldwell, & Vu, 2013). Given one of the main 
arguments proposed in this thesis—the use spatial ability in cognitive 
offloading—it would be of great interest to see whether training in spatial 
strategies would have positive effects on successful multitasking behavior. 
 
An interesting avenue for future work would be to examine the relative 
importance of prior knowledge for executive control functions, spatial 
abilities, and goal-directed behavior in different contexts of everyday 
multitasking. 
 
Another interesting avenue for future research would be to further extend 
experimental results to everyday multitasking by examining the interplay 
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between delayed intentions and task interruptions. Interruptions due to 
technology put new kinds of strains on a bottom–up attentional system (Arora 
et al., 2011; Logie et al., 2010; Seshadri & Shapira, 2001); as a result, 
investigating the cognitive functions responsible for supporting flexibility of 
planning would be yet another interesting avenue for future research. 
 
Lastly, due to recent technological advances, media saturation and convergent 
technologies have made media multitasking increasingly prominent. A 
dramatic increase in media multitasking behavior is frequently reported, 
especially among younger generations (Lin, 2009; Lui & Wong, 2012; Ophir 
et al., 2009). An increasing proportion of real-world multitasking is taking the 
form of media multitasking. Studies of media multitasking, which has been 
the subject of extensive debate in the popular media, raise concerns about its 
consequences (Baumgartner et al., 2014; Loh & Kanai, 2014), while others 
paint a brighter picture, and report at least some associated cognitive benefits 
(Lin, 2009; Lui & Wong, 2012). Undoubtedly, much more research will be 
needed in the field of media multitasking, since multimedia is most likely here 
to stay, and as such, will continue to put further strain on cognitive systems 
evolving at a much slower pace than our media environment is changing. 

Concluding remarks 
 
The present thesis investigates the cognitive underpinnings of human 
multitasking, focusing on the role of spatial ability. The concept of the 
cognitive offloading of executive demands onto spatial ability is central to the 
thesis, as it pertains to a specific hypothesis about the relationships between 
temporal and spatial processing in certain multitasking scenarios. The 
spatiotemporal hypothesis of multitasking represents a direct attempt at 
defining a somewhat crude model of the conditions under which various 
cognitive abilities play important roles in multitasking scenarios, when 
temporal load and demand on executive functions are rather high. 
 
This thesis showcases the viability of human multitasking as an area worth 
visiting from a scientific point of view. It brings into focus the complexity of 
everyday life, while shedding light on the intricate details that end up shaping 
it. As Allen Newell (1973) pointed out in a paper entitled “You can't play 20 
questions with nature and win,” modern research tends to carve up human 
cognition into hundreds of individual phenomena, but is shying away from the 
difficult task of integrating these phenomena by means of unifying theories. 
As is the case with the present thesis, studying a single subfield can never truly 
capture the entirety of an umbrella term. In relation to the constraints of the 
hypothesis and studies presented here, Newell’s argument is definitely valid, 
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especially considering the extensiveness of the field of multitasking. From his 
point of view, this thesis can be seen as one such sampling, and a narrow story, 
with many limitations, about a subfield of human cognition. However, I would 
like to conclude by claiming that this research can also be seen as a feature-
rich package, providing new insights into the functional level of the cognitive 
processes governing multitasking, expanding current cognitive theories of 
multitasking, and finally, accounting for considerations that this field of 
research will need to address in the future.  
 
Possibly, by selecting some pieces of the puzzle and focusing on them, the 
research presented here may add to the confusion and limitations discussed by 
Newel. Conversely, it may also be that, by discovering additional constraints 
and underlying mechanisms of well-known phenomena, this research actually 
helps paint a bigger, more complete and unifying picture of the workings of 
human cognition. 
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