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Chapter 1
Introduction and an Overview of the Thesis

The study of human movements has been bound for a long time by the inability to measure
kinematic details of on-line performance. When industry in collaboration with science
developed sophisticated computerized recording techniques, the knowledge of complex tasks
increased very quickly. Especially, on-line recording techniques expanded the understanding
of movements. Whereas, before the seventies, researchers had to settle for overall movement
time and establish error-rates, nowadays one can determine the exact course of an action in
space and time with high temporal and spatial resolutions. This advantage gave scientists the
opportunity to examine the control and the execution of complex movements. As a result,
more realistic models could be developed and tested under sub-optimal conditions. In
particular handwriting and drawing tasks are highly skilled behaviours that are performed in
daily life in different non-optimal situations. The endeavour of the present study is to
contribute to knowledge about the effects of non-optimal conditions on fine motor control. In
this thesis, non-optimal conditions are referred to as stress conditions. The origin of the
research project on which the thesis is based lies in a study by van Galen, van Doom and
Schomaker (1990) in which a relation was suggested between cognitive task demands and
biomechanical responses of the motor system, and to the project proposal based on this study
and formulated by Van Galen (1992).
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Stress
Stress is usually defined as the disability of the organism to adapt to situational events. This
definition is problematic in a laboratory setting, because in this view stress is the post-hoc
result of the interaction between the task, the situation, the state of individual, and the trait of
the individual (Gaillard, 1993). Seyle acknowledged this problem already in 1956, and
therefore he defined stress as a non-specific response of the system to every demand. This
definition paved the way for research into effects of stress that individuals can cope with. As a
result of Seyle's response based notion, Jick and Payne (1980) substantiated that stress
sometimes even enhances performance. In this thesis also, the broader definition of stress is
adhered to that any task that needs more effort to perform than normal, due to external and/or
internal stimuli, is performed under stress, even though the task demands are met. This view
can be characterized as a stimulus-based definition (Cox, 1978).
In human performance studies, stress related phenomena can be divided into three
categories defined by the source of the stress effects. The first category can be characterized
as emotional stress. Research into effects of worry showed that the proficiency of a throwing
task is negatively affected by worry (Adam & Van Wieringen, 1988). In a broader framework,
many researchers noted that although the quality of sports performance is mostly not more
than marginally affected by stress, the risk to get injured increased significantly under
stressful conditions, like personal problems, anxiety, and emotional distress (Bergandi, 1985;
Hardy & Riehl, 1988; Pétrie, 1992).
A second class of stress phenomena is centred around the concept of cognitive stress.
When humans want to accomplish a task in daily life, the problem of coordinating multiple
task aspects has to be solved, because most tasks do have a multiple-task nature. Up to a
certain point, the integration of two tasks can be realised by the investment of more effort.
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Spending more effort in a dual-task situation leads to an increase of mental load which may
result in a state of cognitive stress (Castiello & Umiltà, 1988; Monroe & Kelley, 1995).
Effects of mental load are usually observed in reaction time or error-rate measures. An
increase of reaction time (Posner, 1978) or error-rate (Welford, 1974) is commonly considered
as the manifestation of enhanced stress levels.
A third group of stress related phenomena focuses on physical stress. As a result of
enhanced awareness of the endangered quality of the natural environment, physical stress is a
very popular research topic currently. People living in urban areas, continuously have to deal
with physical stress. Modem cities are crowded with people, traffic, and industry which result
in huge problems with all kinds of pollution, like auditory noise, disturbed dark and light
rhythm, and air pollution. These stressors can be classified as physical stress (Glass & Singer,
1972). In the past, particularly auditory noise effects have captured a lot of interest as a
research topic. Although ample effort has been invested in understanding physical stress
effects, the results remain ambiguous. In a recent survey by Nivison and Endresen (1993), no
evidence of a detrimental effect of noise on physical health was found. On the contrary,
allergies and stomach complaints seemed to correlate negatively with increased levels of
noise. This intuitively paradoxal finding, however, can be the result of a process of selection.
This proposed effect of selection is also argued by the authors. They concluded that 'selective
migration' could not be excluded as a factor in their study. In fact numerous reports indicate
that in noisy areas a higher incidence of cardiovascular disorders, gastric disorders, and
headache are found (Philips & Hunter, 1981, Von Eiff, Friedrich & Neuss, 1982; Loeb, 1986;
Smith, 1991). Nevertheless, Smith (1991) argued that such detrimental effects require
confirmation in future, longitudinal studies. Also Van Doornen (1991) adheres to this notion,
and adds to this view that we should focus on early disregulations of the body. Therefore,
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researchers should focus on how risk factors actively change our human system which will
increase our insight into long-term effects of stress.
The above mentioned paradoxical effects of noise seemed to be even less consistent
when physical stress is combined with cognitive and/or emotional stress. Hockey (1970)
found facilitatory effects of noise on a tracking task and on monitoring visual targets located
centrally during noise. The author hypothesised that increased levels of arousal elevated
behavioural selectivity. The latter assertion was confirmed more recently by Johnson and
Shapiro (1989). On the other hand, humans are speeding up performance under loud auditory
noise at the cost of making more errors (Welford, 1973). More recently, this result has been
repeated by Matthews (1989). This author, moreover, extended the results by showing that the
state of the subject and time of day are also important determinants which affect speedaccuracy trade-offs.
These complex and seemingly contradictory research outcomes are often used as an
argument to study the strategies people use in conditions of stress and as a motive to consider
the nature of the task (Smith, 1989; Domic, 1990; Koelega & Brinkman, 1986). The latter
review studies indicate also the need for a more comprehensive theory of stress which does
include underlying mechanisms of stress effects.
Since 1908, when Yerkes and Dodson described the relationship between arousal and
performance as an inverted U, many theories about stress have emphasised this relationship
(Broadbent, 1971; Eysenck, 1982). Although this relationship was attractive, because it is an
easy to grasp theory that explains many research data, researchers became aware in the early
70s that the relationship was portrayed too simply. Broadbent (1971) stated that at least two
mechanisms were active. He hypothesised that an upper level mechanism is monitoring the
lower level. The latter level is stimulus driven and has an optimal input level. If the lower
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level is over aroused or under aroused, then the upper level can reduce the effects by
increasing effort. This theory was one of the first to accept that individuals can actively cope
with stress, which was ignored by earlier views (See Hockey & Hamilton, 1983; Jones &
Hardy, 1990). Although this theory can explain many and diverging experimental results,
none of the results can be predicted on an a priori basis, and thus the arguments in favour of
this model are circular.
The suggestions of Broadbent (1971) boosted the study of the relationship between
effort and stress during the 70s, and a broad range of empirical evidence was produced which
supported the view of increased effort levels to reduce effects of stress (Schönpflug, 1983;
Gaillard, 1993). In this perspective it is of interest that resource theories became also popular
during the 70s. Although these theories did not claim to explain effects of stress, the upper
arousal mechanism, as described by Broadbent (1971), can be regarded as a resource
mechanism. Moreover, and as already stated, I adhere in this thesis to the stimulus based
definition of stress so mental load can be classified as stress. In this perspective it is not
curious to give a small overview of resource theories.
Kahneman (1973) developed a unitary resource model in which resources were
allocated to different tasks. Therefore, task performance can be kept constant under stress by
allocating more resources to the task. Task degradation is only expected if the need for
resources exceeds the total amount of resources of the system. However, numerous studies
showed that this general pool of resources should be divided over various specialised
resources (Wickens, 1984). Consequently, Wickens (1984) developed a multiple resource
model in which each modality did have its own share of resources. This theory has been very
useful to predict and evaluate human performance in multiple-task experiments, but the theory
is circular with respect to the effects of stress. Moreover, a stressor can only affect
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performance if the stressor employs resources which are also needed by the task, so this
theory does not consider the nature of the stressor, e.g. its influence on the whole system and
the decay function of the stressor.
Sanders (1983) developed a theoretical model which accounted for the nature of the
stressor. He integrated resource allocation models and linear stage models which were
previously viewed as stemming from opposing theories (Van Gemmert & Van Galen, in
press; see Chapter 2). The model is constructed out of the linear stage model as proposed by
Sternberg (1969) and the energetical model as suggested by Pribram and McGuiness (1975)
(see Figure 1). Although this model was a major step forward towards the understanding of
human performance under stress conditions, its predictive value is limited, because the linear
stage additive factor method can only account for reaction time effects of stressors. Another
problem with a theory about the relation between stress and human performance based on the
linear stage model is that this model is of a discrete nature, whereas motor control and its
execution are dynamic phenomena that are adaptively tuned to the environment. Therefore,
recent studies show a growing interest in dynamic measures evolving over time as result of
the execution of the movement proper (Mulder & Van Galen, 1995), like for example peak
force application, axial pen pressure, and movement velocity. These dynamic measures show
the importance of our capacity to adapt to biomechanica! constraints, and our ability to utilize
biomechanics. Moreover, Van Galen and De Jong (1995) showed that muscular cocontraction, which can only be measured dynamically, is profitably used to increase signal to
noise ratios. They also demonstrated that increased co-contraction results in reduced end-point
variability in an aiming task. If these results and arguments are taken into account it is not
surprising that recently developed theories emphasize dynamic measures, instead of
chronometrical measures (Van Galen & Van Soest, 1995) and as a result, that these theories
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assimilate biomechanica! accounts of performance. The latter viewpoint is propagated in this
thesis.
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Figure 1. Stress model as proposed by Sanders (1983) (adapted by Van Gemmert).

Introduction to forthcoming chapters
In Chapter 2, a new theoretical perspective on the relationship between stress and human
performance is introduced. A basic assumption of the theory is that all stressors enhance
neuromotor noise in the motoric components of the information processing system. In this
theory, neuromotor noise is a collective expression for noisy recruitment of motor units due to
characteristics of muscle tissue, physiological tremor, stretch reflexes, mechanical oscillations
due to the springlike properties of the limbs, and correction servos from feedback processing
(cf. Van Galen & Schomaker, 1992). Neuromotor noise spreads through the system in time
and space. If task demands are high, the system has to adapt to these increased levels of
neuromotor noise, because elevated levels of neuromotor noise lead to decreased signal-tonoise ratios. Two mechanisms are proposed as possibly reducing the detrimental effects of
high neuromotor noise levels. First, the system may make use of the transient nature of
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neuromotor noise by increasing processing time, in order to accrue signal over neuromotor
noise, so instead of reducing the level of noise this mechanism enhances the signal to increase
the signal-to-noise ratio. A second possible mechanism, which as opposed to the former
mechanism does reduce the neuromotor noise level, exploits the biomechanica! properties of
the muscular and limb system. According to this noise filtering mechanism, the executing
limb is stiffened up to filter out the neuromotor noise effects. Evidence for the latter
mechanism was also found in a study on the effects of auditory attention and its effects on
muscle tension (Cohen, Davidson, Senulis, Saron & Weisman, 1992). The former research
added evidence to the notion that the overall response to a stressful tone discrimination task
resulted in a reduction of internal noise (in the research of Cohen et al. (1992), by somatic
inhibition) and an increase of muscle tension (in the research of Cohen et al. (1992) shown by
elevated EMG measures of some facial areas). A second assumption of the theory asserts that
easy tasks are facilitated whereas complex tasks are disrupted by neuromotor noise. The study
presented in Chapter 2 will show that certain results concerning the effects of stress on human
performance which contradict those found in previous studies, can be explained with a theory
based on the neuromotor noise concept.
In Chapter 3, the effects of a secondary task on a graphical aiming task is tested. The
secondary task in this study was a tone counting task, which was designed to reveal effects of
both cognitive and physical stress on the separate stages of a graphical variation of the Fitts
task. The tones were varied in loudness between 55 dBA and 90 dBA. The loud 90 dBA tones
are expected to induce both mental load and physical stress effects, whereas the low intensity
tones (e.g. 55 dBA) are expected to incite only mental load. Although the results of this
experiment did support the hypothesis that mental load affected the graphical task, the
findings did not support decisively the hypothesis that physical stress enhances neuromotor
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noise levels in the motor system. In this chapter, it was concluded that future experiments
should use higher loudness values to provoke effects of physical stress.
The results of Chapter 3 were employed in Chapters 4 and 5 to refine the method used
to investigate both both kinds of stress effects on the separate information processing stages,
e.g., foreperiod, reaction time phase, and execution phase. As in Chapter 3, the primary task
was a graphical variation of the Fitts task. The secondary task again was an auditory task, but
to reduce confounding effects of hearing difficulties with the weak 55 dBA tone, a moderate
intensity level of 65 dBA was used. The loud tones were up scaled to 95 dBA to satisfy the
recommendation of Chapter 3 that higher loudness levels should be used to provoke physical
stress effects. To un-confound the effects of mental load and of physical stress effects, half the
participants in this study were instructed to ignore the tones and half the participants were
instructed to discriminate the pitch of the tones into two categories, e.g, high versus low. The
results presented in Chapter 4 supported the stress theory based on the neuromotor noise
concept.
In Chapter 5, an analysis of the frequency components of the velocity signal of the
aiming task is performed, as proposed by Van Galen, Van Doom, and Schomaker (1990), to
test the theory that limb stiffness is elevated as result of two different stressors. In the
approach, an estimate is calculated of the energy related to noise components in the movement
velocity signal. The results indicated that due to both mental load and physical stress, the form
of the power spectral density function changed in the sense of a relative shift towards
increased energy in the higher bands of the spectrum. This outcome was interpreted to support
the view of a generally enhanced stiffness as a result of different types of stressors.
In the final Chapter of the thesis, the applicability of the neuromotor noise theory and
its estimation procedures are tested in the forensic domain. In this study, it is argued that
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imitating another person's handwriting imposes a heavy load on the information processing
system, because the mimicked script is produced in a closed loop mode while the motor
program of the normal handwriting of the forger must be suppressed to reduce erroneous
script characteristics in the copy. Therefore, imitating another person's script can be
categorized as a demanding and thus stressful task. As predicted by the theory, the results of
Chapter 6 provided evidence that imitated script is executed with higher degrees of limb
stiffness as indicated by the apparent shift in the relative power spectral density functions of
the velocity signal.
The present dissertation is a comprehensive study into the effects of acoustic intensity
of signals and concomitant or simultaneously induced mental load on fine motor tasks. It is
argued that both effects can be subsumed under the more general term stress. Whereas
physical stress effects are illustrated in this thesis by auditory noise, cognitive stress is
represented by mental load. Future research should examine whether the theory and its
neuromotor noise concept are applicable to a broader range of stressors. It is in this
perspective that the last Chapter can be seen as a successful attempt to apply psychomotor
theory in the field of forensic science. The proposed theory and its central neuromotor noise
concept can be helpful in bridging divergent views between cognitive and physiological
scientists, and to narrow the gap between our present knowledge and an all-embracing model
of stress and its effects on human performance. Furthermore, longitudinal research should
produce more and unequivocal evidence of any detrimental health effects as a result of
emotional stress, cognitive stress, or physical stress. Subsequently, research should determine
whether injurious health effects can be related to continued, increased levels of neuromotor
noise as well.
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Chapter 2
Stress, Neuromotor Noise, and Human Performance:
A Theoretical Perspective1

Arend W. A. Van Gemmert and Gerard P. Van Galen

A new theory on stress and human performance is proposed in which physical and cognitive
stressors enhance the level of neuromotor noise in the information-processing system. The
neuromotor noise propagates in time and space. A 2nd assumption states that such noise
facilitates easy tasks but disrupts complex tasks. In four experiments, 2 graphic tasks
(number writing and graphic aiming) were crossed with 2 stressors (cognitive stress from a
dual-task situation and physical stress in the form of loud auditory noise). Reaction time
(KT), movement time (MT), and axial pen pressure were measured. In the RT phase, stress
was predicted to lead to decreased RT with easy tasks, and to increased RT with difficult
tasks. In the execution phase, biomechanical adaptation to enhanced levels of noise was
expected to manifest in higher levels of limb stiffness. In all 4 experiments, an increase of
axial pen pressure with higher levels of stress evidenced the generality of biomechanical
adaptation as a response to stress. RT and MT showed differential effects among the 4
experiments.

'Van Gemmert, A. W. Α., & Van Galen, G. P. (In Press). Stress, neuromotor
noise, and human performance: A theoretical perspective. Journal ofExperimental
Psychology: Human Perception and Performance.
17
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Stress is a descriptive term used in the behavioral and natural sciences to indicate situational
or organismic conditions of a physical, biological, or psychological nature, that strain
organisms up to or above the limits of their adaptive powers (McGrath, 1976; Welford,
1974). For humans, stress conditions include extreme heat or cold, loud noises, infectious
diseases, sleep deprivation, extreme physical workloads, long-lasting or highly intensified
mental labor, social pressures, emotional worry, and many other factors (Broadbent, 1971).
Normally, humans can cope with stressors either through the use of reserves of mental and
physical effort or at the costs of lowered performance standards and mental or physical injury.
Although in a clinical sense stress is related to the inability to meet current task demands, we
adhere to the broader definition that any task that needs more effort to perform, owing to
external or internal stimuli or both, is characteristic of an increased level of stress even
though the task demands are met. This view can be characterized as a stimulus-based
definition (Cox, 1978), although in the long run people may develop ulcers and heart disease
as a consequence of continuously high effort demands (Fisher, 1986). In this view it is not
difficult to understand the fact that stress factors affect human performance in various ways,
both positive and negative.
Apart from the ambiguity of the directional effect of stress, a manifold of qualitatively
different stress factors may also be discerned. In human performance studies, stress-related
phenomena are traditionally classified as emotional stress, cognitive stress, and physical
stress. As to the first-mentioned category, research has shown that worry and emotionality as
personality traits negatively influenced proficiency in a throwing task (Adam & Van
Wieringen, 1988). In a wider context, however, Bergandi (1985) produced evidence that
effects of emotional stress on the quality of performance in sports were mostly marginal,
although at the same time, indications were present that stress increased the risk of injury.
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Cognitive stress is the most common stressor involved when humans try to
accomplish real-life tasks because most jobs demand the coordination of multifaceted task
aspects. It is often stated that it is especially the coordination of multiple task aspects that
leads to an increase in mental load and therefore may result in a state of cognitive stress
(Castiello & Umiltà, 1988). Effects of cognitive stress are usually assessed with Chronometrie
measures such as reaction time (RT) and movement time (MT). In the Chronometrie tradition,
increases of stress-dependent variables are commonly considered a manifestation of enhanced
stress levels (Posner, 1978).
Physical stress is presently a very popular research topic, as a result of enhanced
awareness of the quality of the natural environment. Many people in urban areas have to deal
daily with physical stress in the form of auditory noise, disturbed dark and light rhythms, and
air pollution. Much effort has been invested in attempts to understand the effects of physical
stressors, but the results have been ambiguous. In a recent study (Nivison & Endresen, 1993),
no detrimental effects of noise on physical health were found. An earlier study (Von Eiff,
Friedrich, & Neus, 1982), however, proved that noise had a negative effect on physical
health: More cases of vascular hypertension were found in noisy than in quiet living areas.
More precisely, data from the latter study showed that the length of residence in a noisy area
and the occurrence of hypertension were positively correlated. Also, a recent literature survey
(Smith, 1991), suggested that, apart from the direct effects of noise on audition, there are
nonauditory effects of noise on health as well. However, these outcomes require confirmation
in prospective, longitudinal studies (Smith, 1991).
The effects of physical stress seem even less consistent when physical stress is
combined with cognitive or emotional stress. Hockey (1970) reported that loud auditory noise
improved attentional selectivity in a combined tracking and monitoring task. On the other
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Stress Theory
In classical theories about the mechanisms of stress there are two different orientations. The
first orientation emphasizes negative effects of stress as induced by dual tasks. These negative
effects are attributed to the competition for resources and its slowing of RT (Donk & Sanders,
1989). In the second orientation, the activating role of stress is taken as the point of departure
(Borg & Sjóberg, 1981). In this view, the speeding up of RT processes and movement
production by enhanced states of activation and its implications for speed-accuracy trade-offs
are accentuated. However, for both orientations explaining the many contradictory effects of
stress found in the past is still problematic. Resource competition as a single explanatory
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concept cannot account for the positive effects of stress that are often found. On the other
hand, a general, task-independent activation mechanism cannot explain the fact that stressors
work out positively or negatively depending on the nature and difficulty of the task.

An Alternative Theoretical Perspective
The alternative theory of the mechanism of stress that we are introducing here explains both
the positive and the negative effects of stress. The key concept in the approach is the idea of
neuromotor noise. In our view, human cognitive activities and their equivalent brain activities
are inherently characterized by a varying degree of neuromotor noise, which is comparable to
the physical equivalent of waste thermal warmth in a power plant. In humans, increased
processing demands (e.g., in dual-task situations) lead to increased levels of neuromotor noise
and, therefore, to decreased signal-to-noise ratios in the system. Also, sensory stimulation
(Shapiro, Egerman, & Klein, 1984), motor preparation as induced by warning signals
(Stoffels, Van der Molen & Keuss, 1985), and effort mechanisms (Gaillard, 1993; Hanson,
Schellekens, Veldman, & Mulder, 1993) may increase or decrease the level of neuromotor
noise. Other factors that may influence the signal-to-noise ratio in the information-processing
system are pharmacological drugs (Frowein, 1981) and time of day (Matthews, 1989; Smith,
1987). Evidence for the theory that neural noise is a useful clue to the understanding of
performance characteristics has been found in a study by Van Galen, Van Doom, and
Schomaker (1990). These authors measured the overall noisiness of motor performance in
motor tasks of various complexity. It appeared that if simple movements were embedded in
more complex sequencing patterns, the relative contribution of tremors and motor recruitment
noise increased as a function of pattern complexity. Also, in neuropsychological studies, the
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concept of noise has been used to explain differences of performance between the cerebral
hemispheres (Cohen, 1993; Kinsbourne, 1974).
A second element of the theory, which relates neuromotor noise to the hypothesis of
resource competition (Wickens, 1984), is that noise propagates within the informationprocessing system on a time- and space-related basis. Concurrent activities are more affected
by the irradiation of each other's processing noise than sequential tasks, but the propagation is
also assumed to have modality-specific time constants. So, auditory stimuli and their
activating or obstructing effects are commonly proposed to have longer decay functions than
visual stimuli have (Cowan, 1988). At the same time, the space-related basis of the
propagation function of noise is thought to be related to the commonality of the processes that
are involved in a particular condition of stress. If, for example, two cognitive tasks (e.g.,
number writing and number subtraction), both involve the active use of common processing
stages, it is expected that the intensity of processing of the one task will reduce the signal-tonoise ratio within the assembly of processing stages involved in the other task. The degree to
which both tasks will interfere, therefore, will depend on the extent to which both tasks have
stages in common or make use of stages that are subserved by neural structures that are
anatomically in each other's vicinity. The present formulation of the propagation of
neuromotor noise has a direct counterpart in Wickens's (1984) theory of specific resources
but is not circular as the latter theory is.
A third element of the theory is that the noise concept does not necessarily imply task
deterioration. It is assumed that background noise has an activating and alerting function on
the processing capacities of the system as a whole, although with decreased signal-to-noise
ratios the probability of errors will increase. So far this element of the theory is similar to the
classical Yerkes-Dodson law (see Eysenck, 1984), but it is related, in the present context, to a
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further strategic principle as well. This principle holds that, in essence, in human task
performance the goal is to find an optimum signal-to-noise ratio in a given situation. To this
end, humans engage two different and optional strategies. The first option is related to
Chronometrie aspects of performance. It is assumed that neural activation related to the core
activities accrues over time but that noise fluctuations are leveled off over time. As a result,
increased processing times will lead to increased processing performance. The latter
mechanism, which we use as the first stress-managing principle, is commonly held in
detection theory to explain increased RT to weak signals (Tanner & Swets, 1954). Along the
same line of reasoning it may be expected that in easy or normal task situations, increased
task demands as well as other sources of neural noise may lead to RT decreases (because of
the activating effect of noise propagation), whereas more difficult task demands will cause
the opposite effect that is, RT increases because of the impoverished signal-to-noise ratio.
However, the Chronometrie principle is not appropriate for explaining what happens
during task performance. Once the motor part of a task has started, preparatory processes are
completed and prolonged processing will be of no help. To explain what happens during task
performance, we assumed a second strategy that enables humans to adapt to impoverished
signal-to-noise ratios during motor performance. This strategy is founded in the
biomechanical setup of the motor apparatus. In this view, during task performance the human
brain can adapt to increased levels of noise by varying the biomechanical parameters of the
active limbs in their interaction with the environment. The strategy is demonstrated in the
common observation that if a person is nervous or agitated, biomechanical tremors and other
signs of motor restlessness are obviously dampened and filtered by increased stiffness of the
body and by active reliance on friction with tables, chairs, and other surfaces. Also, in
experimental tasks participants may vary biomechanical parameters of their motor systems to
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adapt to varying task demands. Van Galen and Schomaker (1992), in a study on graphic
aiming behavior, suggested that the increase of MT with increased accuracy demands, as
described by Fitts' law (Fitts, 1954), can be explained by such a strategy of biomechanical
adaptation. The authors assumed that participants confronted in a task situation with higher
accuracy demands increase their tonic limb stiffness through co-contraction of agonist and
antagonist muscles. The effect is that in task conditions that demand more accurate control,
overall limb stiffness is enhanced, but as a result the neuromotor noise in the motor system is
filtered such that error components are suppressed and signal-related (i.e., target-related)
frequencies are amplified. According to their theory, the price the motor system has to pay for
this increased stiffness is a loss of gain of the limb as a biomechanical system, and therefore
increased MTs are manifest in more difficult task conditions. Preliminary empirical evidence
in favor of this view has been produced in studies on graphic tasks such as writing and
drawing in which it has been reported that increased task demands led to enhanced levels of
axial pen pressure (Shek, Kao & Chau, 1986). In biomechanical terms, an increase of axial
pen pressure is equivalent to an increased level of friction between the limb and the substrate
(Wann & Nimmo-Smith, 1991) and, consequently, increased stiffness of the limb-and-pencil
system.
We borrowed from these findings our second stress-managing principle, which states
that, in conditions of stress, biomechanical parameters of the motor system are adaptively set
to produce, during the phase of movement execution, an optimal signal-to-noise ratio in the
effector system. This strategy works out as follows. In easy or normal conditions of stress and
their concomitant levels of neuromotor noise, increased friction with the working area (e.g.,
caused by increased axial pen pressure in a graphic task) will suffice to compensate for
increased levels of neuromotor noise (at these levels of stress, the accompanying loss of gain
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will be easily compensated for by adapting muscle force such that the MT will not be
influenced). At higher levels of stress and corresponding neuromotor noise, however, further
strategic adaptations will be necessary. One obvious strategy is to increase overall speed of
the motor output. From a mechanical perspective, higher movement speed is accompanied by
higher limb stiffness, and therefore a higher movement speed may lead to an effective
inhibition of noise components. At the same time, however, the higher forces themselves are
more noisy (Schmidt, 1988; Van Galen & De Jong, 1995), and it is to be expected that after
an optimal point of higher movement speed, performance will deteriorate and even totally
collapse in error.

General Design of the Experiments
Apart from verifying our theory on neuromotor noise and stress management in its separate
aspects, we also aimed in this study to test the predictions of the theory in a set of
experiments that varied stress dimensions and task dimensions together in a systematic
manner. To this end, we used two different tasks, one of a specifically verbal nature and one a
spatial task of the classical Fitts (1954) type. In the verbal task, participants were asked to
write numbers in response to visual dictation. In the spatial aiming task, participants had to
draw lines of different lengths to target circles of varying diameters. We assumed that the
latter task would especially load on processing stages related to space-oriented behavior. Both
tasks were performed under two types of stress. Stress was varied between cognitive stress
(through the application of a secondary arithmetic task) and physical stress (through the
presentation of loud auditory noise). The two primary tasks and the two stress types were
combined in all four possible combinations and tested in four separate experiments (see Table
1)·
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Cognitive stress

Physical stress

Number-writing task

Experiment 1
number writing and
a secondary arithmetic task

Experiment 2
number writing and
auditory noise

Graphic aiming task

Experiment 4
graphic aiming and
a secondary arithmetic task

Experiment 3
graphic aiming and
auditory noise

Task

A further feature of the present set of four experiments is that for both types of task
we varied the motor complexity as well. The reason for this manipulation is that in our theory
we predict different outcomes for high and low levels of stress. By varying task demands not
only according to the type of stress but also along load dimensions intrinsic to the task, we
hoped to trace adaptations to conditions of stress above and below optimal values of the
signal-to-noise ratio.

A Short Overview of the Four Experiments
In the first experiment, participants wrote numbers under varying levels of cognitive stress.
Cognitive stress was induced by requiring the participant to perform, simultaneously with the
primary number-writing task, a secondary arithmetic task. The difficulty of the secondary
arithmetic task varied between easy (repeating a given number aloud) and difficult
(repeatedly subtracting a constant from a given number and pronouncing the outcome aloud).
Besides varying the level of stress induced by the secondary task, we varied the motor
complexity of the primary task as well. Two dimensions of motor complexity were
investigated. The first dimension involved the length of the sequence to be written. We
assessed two levels of this factor by giving participants either one-digit or two-digit numbers
to write. The second motor complexity dimension concerned the curvature of the initial
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writing strokes. In studies on graphic behavior, it has been shown that the length of a graphic
motor task in terms of the number of strokes influences RT and MT (Teulings, Mullins, &
Stelmach, 1986; Van Galen, Smyth, Meulenbroek, & Hylkema, 1989). Also, curvilinear
patterns have been demonstrated to be more difficult to start (Van Galen, 1984).
In the second experiment participants performed the same number-writing task that
was used in Experiment 1, but now a physical type of stress was introduced in the form of
auditory stimulation. There were two conditions: a moderate stress condition of 55 dBA and a
loud, stress condition of 95 dBA.
In the third experiment, participants executed a graphic aiming task under the same
physical stress conditions as were applied in the second experiment, but now we varied the
motor complexity of the task by requesting participants to draw, as quickly and as accurately
as required by the task, lines of different lengths to target circles of varying diameters.
In the fourth experiment participants performed the same graphic aiming task as in
Experiment 3, but now the cognitive stressor of Experiment 1 (secondary arithmetic task) was
applied.
In the four experiments, the dependent variables were the two Chronometrie measures
of RT and MT, and the biomechanical measure of axial pen pressure. Different participants
were used in all four experiments.

Predictions
The most general prediction to be verified in all four experiments is that increased levels of
stress, whatever the type, will lead to increased levels of neuromotor noise and will therefore
force the participant to make biomechanical adaptations. Given the present set of graphic
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tasks, this prediction means that we expect to find increased levels of axial pen pressure with
increased levels of stress irrespective of the stress type.
A second general prediction is that, depending on the level of a particular stress factor,
stress may work out in the RT phase of a task sometimes as speeding up and sometimes as
slowing down. According to this prediction, lower levels of stress are expected to let the
motor system profit from the activating role of neuromotor noise. Higher levels of stress
should lead to RT increases because of the necessary prolonged processing that is due to a
deteriorated signal-to-noise ratio. For the movement phase of a task, prolonged processing
will be of no help but now biomechanical adaptations are to be expected in line with the first
general prediction. A further biomechanical strategy is to speed up overall movement velocity
in order to make the limb system more stiff and, therefore, less sensitive to the disturbing
effects of neuromotor noise caused by the secondary task.
The third group of predictions is related to the noise-propagating features of the
human information processing system. We stated in the theory that noise propagates in time
and space. This means that "nearby" processes are more severely affected by concurrent
processing than are "farther away" activities. For the present set of experiments this general
prediction means that we expect quantitatively and qualitatively more different signs of
adaptation to stress in Experiment 1 (the most stressful condition number writing while
counting back) than in Experiment 2 (number writing under auditory stress) and in
Experiment 4 (graphic aiming under auditory stress) than in Experiment 3 (graphic aiming
while counting back).
A fourth and final group of predictions (which is related to the third) is that whether a
stressor works out as facilitation or inhibition depends on the motor difficulty of the primary
task. In easy task conditions, RT facilitation may be expected, whereas in the more difficult
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conditions, prolongation of RTs and, during movement execution, increase of axial pen
pressure and overall speeding up of MTs are predicted.
In more specific terms, in the first experiment stress conditions should evidence, in
addition to higher pen pressure levels, an enhanced task interference effect, with longer RTs
as an effect of prolonged processing in conditions of decreased signal-to-noise ratios and
decreased MTs as a result of biomechanical adaptation to the higher degree of neuromotor
noise. The second experiment should manifest less pervasive effects in the Chronometrie
domain because the task and the (physical) stressor do not share nearby processing capacities.
The third experiment should, on the basis of the same principle that was valid for the first
experiment, show clear manifestations of adaptation to the stressor (auditory noise). Because
of the nature of the task (moving as fast as possible to a spatial goal), we expect that
activation caused by the stressor may work out as facilitation of RT especially in the easy
condition of the primary task (Keuss, Van der Zee, & Van den Bree, 1990), but no specific
effects on MT are predicted. Increased axial pen pressure, however, would be expected,
especially in the more difficult task condition, to counter the noise-inducing effect of auditory
noise. For the fourth experiment, finally, prolonged RTs under the more difficult conditions
of cognitive stress are predicted. During the movement phase of the primary spatial task,
however, we expect fewer manifestations of adaptation to the cognitive secondary task
because control of the spatial task is not supposed to share nearby processing functions with
the secondary arithmetic task.

Chapter 2

30

In this experiment number writing was used as a primary task. Two levels of cognitive stress
were induced by applying two conditions of a secondary arithmetic task, a number repetition
condition (assumed low level of cognitive stress) and a number subtraction condition (high
level of cognitive stress).
RTs in the cognitive task were expected to increase as an effect of the secondary
arithmetic task, because both tasks share highly similar processing stages and therefore
should affect each other's signal-to-noise ratios. The disruptive effect of cognitive stress on
the primary number-writing task was assumed to increase even more when writing doubledigit numbers than when writing single-digit numbers.
On the motor side, however, different effects were predicted. To compensate for the
disruptive effects of increased levels of neuromotor noise with stress induction, participants
were expected to increase axial pen pressure in the number-writing task. A possible further
adaptation to increased levels of noise was an expected increase in overall movement speed
as a further biomechanical adaptation to impoverished signal-to-noise ratios.

Method

Participants
Eighteen psychology students between the ages of 18 and 25 years volunteered as to
participate in the experiment. For their participation, students were paid or received course
credits. All participants had normal or corrected-to-normal vision.
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Tasks and Design
The primary task was a number-writing task. To vary the motor complexity of the primary
task, we used four different writing tasks. Two of the tasks required writing, as quickly and
accurately as possible, a single-digit number. For these tasks the digits 3 and 4 were used.
The other two tasks consisted of writing a double-digit number. For these tasks the numbers
(i.e., number sequences) 37 and 46 were used. The choice of these four tasks made it possible
to discriminate between (a) the effects of single- versus double-digit numbers and (b) the
effects of writing tasks starting with a curvilinear trajectory (3 and 37) versus tasks starting
with a rectangular trajectory (4 and 46). As indicated in the introduction, numbers beginning
with a curvilinear stroke are more motorically complex than numbers beginning with a
straight initial stroke.
In a typical trial, the participant had to copy the stimulus (one of the four possible
numbers) in his or her own handwriting as quickly as possible after the appearance of a gosignal. The task stimuli were displayed on a computer screen in front of the participant.
The participants wrote with an ordinary ballpoint pen on an A4 paper form that was
placed on a digitizer tablet (Calcomp 2300). The digitizer tablet recorded the position of the
tip of the pen (x, y) and the axial pen pressure (z), with a sampling frequency of 100 Hz and a
with spatial accuracy of 0.02 cm.
During the experiment, visual information of the produced movement trajectory was
presented on a computer display placed at eye level 80 cm in front of the participant. At the
beginning of every trial, the participant was required to bring the tip of the pen onto the
paper. After the participant chose a comfortable starting position for writing and held the pen
there for 150 ms, the computer program (running on a Tandon 486, 50-MHz PC) presented
two asterisks at the center of the screen. This visual signal functioned as a warning signal.
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After 800 ms, the participant was presented with one of the four writing tasks - either a oneor a two-digit number. When this number disappeared (after 800 ms), the participant had to
write the number as quickly and accurately as possible.
The secondary task introduced cognitive stress at either of two levels. As described in
the introduction of the primary task, each stimulus was preceded by two asterisks warning
that a new trial had begun. In the stress conditions, a random two-digit number was
substituted for the asterisks. During the moderately stressful condition, this number had to be
repeated aloud continuously until the end of the trial. In the most stressful condition,
participants had to subtract the number 2 repeatedly from this initial number and,
continuously, from the outcome of each preceding subtraction (about six times, three times
before the participant had to start writing and about three times during the actual writing task
depending on the time participants needed to complete the writing task). Participants had to
vocalize each consecutive outcome aloud. We also ran a control condition without any
secondary task. Each participant performed two blocks of 80 trials in the control condition
(no secondary task) and under each of the two conditions of cognitive stress (number
repetition and number subtraction). The order of presentation of the conditions was
counterbalanced across participants.
The dependent variables, RT, MT, and axial pen pressure were subjected to analyses
of variance (ANOVA), according to a completely factorial design (18 participants χ 3
cognitive stress levels χ 2 initial stroke curvature levels χ 2 number lengths) followed by a
Duncan step-down analysis when a particular effect revealed significance.
The main effects of initial stroke curvature on MT and axial pen pressure should be
viewed with caution because MT and axial pen pressure were measured over the full
trajectory of the writing task and in all trials with double-digit numbers, an initial curved
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trajectory in the first digit was counterbalanced by a straight trajectory in the second digit.
Analogous reasoning applies to the interpretation of number length effects on MT and axial
pen pressure. At least a part of these effects is due to the measuring procedure. MT
necessarily will increase if two digits instead of one are to be written. Axial pen pressure with
two-digit tasks will be lower than that with one-digit tasks because when the pen is lifted
between the first and second digits, pen pressure falls to zero. Therefore, main effects for the
motor complexity variables are reported only if significant interactions with the stress
variable occurred.
To provide comparisons of the main effects of stress across all four experiments, in
Figure 1 we present the grand means of the RT, MT, and axial pen pressure for each of the
four combinations of stress type and primary task. Subsequently we present a secondary
analysis of the overall data across the four experiments in a separate section.

Results

Reaction Times
In Experiment 1, a main effect on RT was found for the variable of cognitive stress, F{2, 34)
= 3.88, ρ < .05 (see Figure 1 panel a, solid line). The step-down analysis revealed that the
counting-back condition (number subtraction) increased RT significantly (mean RT = 594
ms) compared with the no-stress (mean RT = 537 ms) and therepeating-numbersconditions
(mean RT = 511 ms). Number of digits was also a significant variable, but the direction of the
effect was different, F(l, 17) = 5.70, ρ < .05; mean RT was 557 ms for the one-digit number
and 538 ms for the two-digit number.
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Movement Times
A significant main effect on MT was not found for the variable of cognitive stress, F(2, 34) =
1.09, ρ > . 10 (see Figure 1 panel b, solid line). The mean MTs were 989 ms for the countingback condition, 1021 ms for therepeating-numberscondition, and 1044 ms for the no-stress
condition. As was to be expected because of the nature of the task, the number of digits to be
written did influence MT substantially, F(l, 17) = 425.27, ρ < .0001; mean MT was 754 ms
for the one-digit number and 1280 ms for the two-digit number). Stress did not significantly
interact with number length or initial stroke curvature.

Axial Pen Pressure
The analysis of axial pen pressure showed that the main effect of the cognitive stress variable
reached significance, F(2, 34) = 13.54, ρ < .0001 (see Figure 1 panel c, solid line). The stepdown analysis made it clear that both the counting-back (mean pen pressure = 1.81 N) and the
repeating-numbers (mean pen pressure = 1.87 N) conditions increased axial pen pressure
significantly compared with the no-stress condition (mean pen pressure = 1.49 N). Number of
digits had a significant impact on pen pressure, F(l, 17) = 37.29, ρ < .0001; for the one-digit
number, average pen pressure was 1.84 N and for the two-digit number pen pressure averaged
1.61 N. However, thereservationwe stated earlier about the interpretation of this main effect
should be recalled. Number length and cognitive stress showed a marginally significant
interaction on axial pen pressure, F(2,34) = 3.10, ρ <. 10 (see Figure 2).
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Figure 1. Grand means of reaction time (upper panels), movement time (middle panels) and
axial pen pressure (lower panels) for each of the four experiments and for each level of the
stressors.
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Experiment 1 reveals various positive as well as negative effects of the stress conditions.
Specifically, the moderate stress condition (repeating numbers) led to elevated axial pen
pressure but had no effect on the Chronometrie measures. Counting back, the more difficult
variant of cognitive stress, affected RT as well as axial pen pressure, prolonging RT and
increasing axial pen pressure. This particular pattern of results is predicted by the theory,
which assumes that participants compensate for stress-induced neuromotor noise by
prolonged processing times before initiation of a response and by biomechanical adaptations
during execution of the task. According to the theory, in more difficult conditions,
participants adopt a strategy to inhibit the disruptive effects of neuromotor noise by
enhancing axial pen pressure and, thereby, the friction with the paper substrate. Finally, an
overall increase of motor speed was predicted as an effect of the counting back condition.
Although the direction of the MT data seemed to confirm the latter prediction, this part of the
theory was not unequivocally supported by the data, because the statistical test did not reach
significance.
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Experiment 2: Effects of Physical Stress on a Number Writing Task

In Experiment 2, the same cognitive number-writing task was used as in Experiment 1, but
now physical stress was induced through the application of loud auditory noise. Acoustic
noise is assumed to have an overall activating effect on the organism (Keuss et al., 1990;
Neumann, Van der Heijden, & Allport, 1986) but not to compete for the processing resources
needed to perform the cognitive task. Therefore the activational input should decrease RT,
but MT is not assumed to benefit by the activation. However, increased levels of activation
are supposed to enhance the overall level of neuromotor noise. As a strategic adaptation to
this effect, we expected that participants would heighten their overall level of axial pen
pressure.

Method

Participants
Participants in this experiment were 18 psychology students, between the ages of 18 and 25
years who volunteered to participate. For their participation they were paid or were given
course credits. They had normal or corrected-to-normal vision. None of the students
participated in any of the other experiments.

Tasks and Design
The primary task was the same number-writing task described in the first experiment, and the
same apparatus was used. The warning signal, writing task information, "go"signal, and
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Results

Reaction times
No significant main effect of physical stress on RT was revealed, F(l, 17) = 1.81, ρ > .10 (see
Figure 1 panel d, solid line), although the direction of the observed difference was as
predicted. Mean RT for the moderate 55-dBA noise condition was 427 ms, and mean RT for
the loud 95-dBA noise was 410 ms. The effect of number length was also not significant (F <
1); the one-digit and two-digit number conditions had mean RTs of 416 ms and 421 ms,
respectively. Initial stroke curvature affected RT significantly, F(l, 17) = 11.16, ρ < .005.
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Numbers with an initial curved stroke showed a mean RT of 430 ms, and numbers with an
initial straight stroke showed a mean RT of 407 ms, which is in accordance with earlier
findings. None of the interaction effects reached significance.

Movement times
Physical stress affected MT marginally, F(l, 17) = 4.14, ρ < .10 (see Figure 1 panel e, solid
line). Mean MT was 1021 ms for the 55-dBA condition and 985 ms for the 95-dBA
condition. As a natural consequence of the task, significant main effects were found for
number length, F(l, 17) = 172.84, ρ < .0001; the shortest number length had a mean MT of
741 ms, and the longest number length had a mean MT of 1263 ms. No significant
interactions were found.

Axial Pen Pressure
The analysis of axial pen pressure showed a marginally significant main effect of physical
stress, F(l, 17) = 3.04, ρ < .10 (see Figure 1 panel f, solid line). Mean pen pressure was 1.38
N for the 55-dBA condition and 1.62 N for the 95-dBA condition. None of the interactions
revealed significance.

Conclusion

Overall, Experiment 2 revealed that physical stress, instead of impairing performance on the
primary task, had a positive effect on RT and MT although the effects were statistically only
partly reliable. The findings support the view that physical stress, as a general effect, activates
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the motor system if the stressor does not directly load on the same processing units as the
primary task. At the movement execution level, however, signs of biomechanical adaptation
to the physical stress were evidenced by the marginally higher axial pen pressure levels in
conditions of auditory noise and by the marginal speeding up of the movement proper.

Experiment 3: Effects of Physical Stress on a Graphic Aiming Task

In Experiment 3 we studied the effects of loud auditory noise on a graphic aiming task. Now
the participant's primary task was to draw lines as quickly and accurately as possible to
circular targets at varying distances and with varying target diameters. The task was
performed and registered with the same writing stylus and digitizer as were used in the
number-writing tasks of the Experiments 1 and 2. Physical stress was induced by applying the
same loud and abruptly changing fragments of popular music that were used in Experiment 2.
The theory predicts that in this experiment RTs in the graphic aiming task will be
affected in two possible ways. Because it is assumed that auditory noise has a direct
activating effect on the motor output system (Stoffels et al., 1985) we predicted that auditory
noise would lead to an RT decrease when easy motor tasks were to be performed (the
conditions with large targets and short target distances) and to longer RTs for the spatially
more difficult aiming conditions. The latter part of the prediction is based on the assumption
that above the optimal point of activation, neuromotor noise necessitates prolonged
processing before an adequate signal-to-noise ratio is reached. The theory further predicts that
during the phase of movement execution, the neuromotor noise induced by the auditory
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stressor will lead to higher degrees of axial pen pressure and eventually, depending on the
difficulty of the primary task, to higher movement speed.

Method

Participants
Eighteen psychology students between the ages of 18 and 25 years volunteered to participate
in the experiment. They received course credits or were paid for their participation. All had
normal or corrected-to-normal vision. None of the students participated in any of the other
experiments.

TasL· and Design
The primary task was a graphic aiming task. In a typical trial, participants had to draw, as
quickly and as accurately as possible, a straight line from a constant starting position at the
digitizer tablet to a round target at varying distances (either 2.5 cm or 5 cm) and with varying
diameters (either 0.6 cm or 1.2 cm). The targets were located at a 45° right-upward position
such that the drawing movement was realized by a dorsiflexion of the hand around the wrist.
Participants drew lines with the same equipment that was used in the first experiment,
that is, with an ordinary ballpoint pen on an A4 paper form that was placed on a digitizer
tablet (Calcomp 2300). This digitizer tablet recorded the position of the tip of the pen (x, y)
and the axial pen pressure (z) with a sampling frequency of 100 Hz and a spatial accuracy of
0.02 cm.
During the experiment, visual information on the starting position, target area, current
pen position, "go"signal, and produced movement trajectory were presented on a computer
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display that was placed at eye level 80 cm in front of the participant. At the beginning of
every trial the participant was required to bring the tip of the pen into a square-shaped starting
area. After the participant retained the pen in a stable position in the square for 150 ms, the
computer program (running on a Tandon 486, SO MHz PC) controlling the experiment
presented two asterisks, which functioned as the warning signal. Then, after 800 ms, the
square-shaped starting area disappeared; this served as the "go"signal for participants to draw,
as rapidly and as precisely as possible, a straight line ending in the target area.
The apparatus used to present physical stress was the same as that used in the second
experiment. Within a block of 80 trials, the loudness of the auditory stimulation was held
constant at either a moderate (55 dBA, which was considered to be the control condition) or a
loud (95 dBA) level. The auditory stimulation consisted of frequently and abruptly changing
fragments of popular music. Each participant performed two blocks of 80 trials in each of the
two loudness conditions. The order of presentation of the conditions was counterbalanced
across participants.
RT, MT and axial pen pressure were subjected to ANOVAs, according to a
completely factorial design (18 participants χ 2 auditory stress levels χ 2 target diameters χ 2
target-start distances).
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Results

Reaction Times
Physical stress did not affect RT significantly (F < 1); mean RT was 442 ms for the 55-dBA
condition and 440 ms for the 95-dBA condition (see Figure 1 panel d, dashed line). The effect
of target-start distance was significant, F(l, 17) = 10.88, ρ < .005. The 2.5-cm condition
averaged at 429 ms whereas the 5-cm condition took 452 ms. Target-diameter did not
influence RT, F(l, 17) = 2.21, ρ > .10. Mean RT was 446 ms for target diameters of 0.6-cm
and 436 ms for target diameters of 1.2-cm. None of the interaction effects reached
significance; accordingly, the predicted accessory effect of auditory noise was not found.

Movement Times
Analysis of the MTs revealed that physical stress did affect MT marginally, F( 1, 17) = 4.06, ρ
< .10 (see Figure 1 panel e, dashed line). Mean MTs were 539 ms and 556 ms for the 55-dBA
and 95-dBA conditions, respectively. MT was further significantly influenced by target-start
distance, F(\, 17) = 105.02, ρ < .0001; MTs were 438 ms and 655 ms for the 2.5-cm and 5cm distances, respectively. Target diameter also resulted in a significant main effect on MT,
F(l, 17) = 145.49, ρ < .0001. The small target led to a mean MT of 612 ms, and the larger
target took a mean MT of 481 ms. Target distance interacted significantly with auditory
stress, which meant that for the easy 2.5-cm condition MT decreased with increasing noise,
whereas MT increased for the more difficult 5.0-cm condition, F(l, 17) = 4.51, ρ < .05 (see
Figure 3). None of the other interactions revealed a significant effect.
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Conclusion

Overall, the results of Experiment 3 support the idea that task performance is affected by a
type of stress that has direct access to the processing units involved in the primary task. Loud
auditory stimulation led to an increase of MT and enhanced levels of axial pen pressure
during task execution. The most striking outcome was that under auditory stress, MT
increased only in the conditions with the largest target distance. However, contrary to
predictions, adaptation to physical stress was not different for the small and large target
diameters.
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Figure 4. Mean axial pen pressure as a function of physical stress, and target-start distance.

Experiment 4: Effects of Cognitive Stress on a Graphic Aiming Task

As in Experiment 3, the primary task in Experiment 4 was a graphic aiming task, but now the
aiming movements had to be performed under conditions of cognitive stress. For the latter,
we applied the same arithmetic tasks used in the first experiment.
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Method

Participants
Eighteen psychology students between the ages of 18 and 25 years volunteered to participate
in the experiment. For their participation, they received course credits or were paid. All had
normal or corrected-to-normal vision. None of the students participated in any of the other
experiments.

Tasks and Design
The primary task was the graphic aiming task described in the Method section of the third
experiment, and the equipment was the same as that used in the former experiments. The
warning signal, stimulus information, "go"signal, and instructions to the participant were the
same as those used in the control condition of Experiment 3.
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In this experiment, cognitive stress was induced through the same arithmetic tasks that
were used in Experiment 1. Each participant performed two blocks of 80 trials in the control
condition (no secondary arithmetic task) and in each of the two conditions of cognitive stress
(number repetition and repeated number subtraction, respectively). The order of presentation
of the conditions was counterbalanced across participants.
RT, MT and axial pen pressure were subjected to ANOVAs according to a completely
factorial design (18 participants χ 3 stress levels χ 2 target diameters χ 2 target-start
distances) followed by a Duncan step-down analysis when a particular effect revealed
significance.

Results

Reaction Times
Analysis of the RTs revealed that cognitive stress did not influence the time to initiate the
aiming task, F(2, 34) = 1.05, ρ > .10 (see Figure 1 panel a, dashed line). The mean RT was
464 ms for the no-stress condition, 452 ms for therepeating-numbercondition, and 490 ms
for the counting-back condition. Target-start distance did influence RT significantly, F(l, 17)
= 10.49, ρ < .005. For the shortest target-start distance (2.5 cm) the mean RT was 481 ms,
and for the longest target-start distance (5 cm) the mean RT was 456 ms. The effect of target
diameter was also significant, F(l, 17) = 9.25, ρ < .01; for the 0.6-cm target mean RT was
475 ms, and for the 1.2-cm target the mean RT was 462 ms. For RT, none of the interaction
effects reached significance.
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Axial Pen Pressure
Analysis of axial pen pressure made clear that cognitive stress was significant, F(2, 34) =
6.49, ρ < .005 (see Figure 1 panel c, dashed line). In the step-down analysis it appeared that
pen pressure showed an increase for the counting-back condition (mean pen pressure = 2.17
N) as well as for therepeating-numberscondition (mean pen pressure = 2.14 N) compared
with the no-stress condition (mean pen pressure = 1.80 N). Furthermore, target distance
affected axial pen pressure significantly, F(l, 17) = 20.46, ρ < .0005; in the 2.5-cm target
distance condition mean pen pressure was 1.97 N and in the 5-cm target distance condition,
mean pen pressure was 2.11 N. Axial pen pressure was not significantly affected by target
diameter, F(l, 17) = 1.81, ρ > .10; mean pen pressure for the 0.6-cm target was 2.05 N,
whereas it was 2.03 N for the 1.2-cm target. No significant secondary or higher order
interaction effects were found.
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Conclusion

Experiment 4 was designed to test the hypothesis that the same cognitive stressor can reduce
RT when the task demands of the primary and secondary tasks do not interfere. Whereas in
Experiment 1, counting-back and writing-numbers did indeed lead to an increase in RT, we
observed that in Experiment 4 the same condition did not affect RT significantly. This finding
partially supports the part of our theory holding that effects of stress are differentiated by task
type. However, axial pen pressure increased during both secondary arithmetic tasks. As stated
in the theory, increasing pen pressure is a strategy to reduce the disruptive effects of
neuromotor noise on motor performance. A preliminary conclusion might be that cognitive
stress will not per se disrupt performance. None of these effects should be considered in
isolation. RT and MT are differentially sensitive to cognitive stress. During the initiation of a
motor task under time pressure, no adaptive distribution of task activities is possible. If, then,
primary and secondary tasks share nearby processing units, a prolongation of processing time
is inevitable. The latter finding is also compatible with Wickens's (1984) theory on the
competition for specific resources when dual tasks are to be performed. However, we think
that the noise-propagation assumption gives a better explanation of the observed phenomena
as well as a better clue for understanding the simultaneously observed biomechanical strategy
of increased axial pen pressure.
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To test the general predictions of the theory across all four experiments simultaneously, we
performed an additional statistical analysis on the data with a design that made such a test
feasible. To this end, we left out the intermediate stress level in the experiments with
cognitive stress and arrived at a design with two levels of stress (low and high) for each of the
two stress types. The two stress levels were a no-stress condition (either no secondary
arithmetic task or a 55-dBA background noise) and a high-stress condition (either counting
back or a 95-dBA background noise). For comparison purposes, we combined the motor
complexity variables. Stroke curvature and target diameter were handled as a single motor
precision variable (with straight initial strokes and large targets as the easy condition and
curved initial strokes and small targets as the difficult condition). We also combined the task
length variables, with the one-digit numbers and the 2.5-cm target distance representing the
easy length condition and the two-digit numbers together with the 5-cm target distance
representing the difficult length condition.
The dependent variables RT, MT and axial pen pressure were subjected to ANOVAs
according to a completely factorial design (18 participants χ 2 task types χ 2 stress types χ 2
stress levels χ 2 precision levels χ 2 length levels). Only the main effects of type of task,
stress type, and stress level and the relevant interactions are considered.
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Results

Reaction Times
The type of task did not influence the overall duration of RT, F(l, 17) = 1.05, ρ > .10, but a
main effect of RT was found for the variable of stress type, F(l, 17) = 8.80, ρ < .01. Mean RT
for the experiments with physical stress was 430 ms, and mean RT for the experiments with
cognitive stress was 521 ms. RT was not significantly affected by level of stress, F(l, 17) =
1.31, ρ > .10. However, stress type significantly interacted with both level of stress, F(l, 17)
= 6.93, ρ < .05 (see Figure 5) and task type, F(l, 17) = 4.70, ρ < .05 (see Figure 6). The
meaning of these interactions is in accordance with the theory. Figure 5 shows that for
physical stress the activating role dominated, leading to shorter RTs for the high level of
stress, whereas for cognitive stress (which was implemented through a dual-task situation),
RT increased. In Figure 6 it can be seen that writing is mostly sensitive to cognitive stress,
which is the most nearby source of neuromotor noise. None of the other relevant interactions
showed a significant effect.
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Movement Times
The type of task was a significant determinant of MT F(l, 17) = 53.22, ρ <.(
task took twice as much time to complete the aiming task. However, sti
influence MT (F < 1), nor did the variable of level of stress (F < 1). At tl
interaction between task type and level of stress reached significance, F(l,
.01 (see Figure 7), as did the third-order interaction between stress type, le
task length, F(l, 17) = 6.78, ρ < .05 (see Figure 8). None of the other
significant.
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Axial Pen Pressure
Only a marginal effect on axial pen pressure was exerted by the variable of type of task, F(l,
17) = 3.91, ρ < .10 (see Figure 10). Aiming provoked higher average pen pressure values than
did writing, which is in accordance with earlier findings. Type of stress did not have a
differential effect on axial pen pressure (F < 1), but a main effect of level of stress on axial
pen pressure was found, F(l, 17) = 14.28, ρ < .005. Also, the third-order interaction between
type of stress, stress level, and task length was significant, F(l, 17) = 11.72, ρ < .005 (see
Figure 9). The significance of this interaction can be ascribed to the incremental effect of high
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Conclusion

The secondary analysis of the data across all four experiments corroborates the view that
irrespective of stress type, higher stress levels result in increased levels of axial pen pressure.
Also in agreement with the theory was that higher stress levels did not influence RT or MT
unidirectionally. The nature of the task and the type of stress appeared to be important factors
in predicting the effects of stress. RT proved to be specifically susceptible to the type of
stress, whereas for MT, differential effects were found for task type and level of stress. More
specifically, auditory noise (physical stress) facilitates RT, but a secondary arithmetic task
(cognitive stress) inhibits it. The increase in RT is more effective if the primary task loads on
processing units that are in use by the cognitive stressor as well. In the aiming task, MT
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increased during higher stress levels, but the writing task was speeded up during higher stress
levels. This seemingly contradictory result is in accordance with the biomechanical
adaptation hypothesis. The aiming task is considered to load more on spatial parameters than
is the number-writing task. Increasing the overall speed of the movement proper in order to
enhance the level of stiffness in the limb is a useful strategy only when the accuracy of the
task does allow to increase the speed. For the writing task, spatial accuracy is not specifically
stressed, so the writing task is speeded up. The aiming task does not allow for such an
adaptation, and therefore a different biomechanical strategy is used that results in an overall
increased level of axial pen pressure during aiming (see Figure 1 panel с and f)· A further
confirmation of the differential effects of physical and cognitive stress on biomechanical
adaptation is found (a) in the overall decrease of axial pen pressure during aiming under
cognitive stress conditions compared with physical stress conditions and (b) in the increased
levels of axial pen pressure during writing under cognitive stress conditions compared with
physical stress conditions (see Figure 10).

General discussion

Our aim in the present study was to test an alternative theory of the effects of stress on human
performance. In the theory, we expanded more traditional Chronometrie views on stress and
human performance and integrated them with an assumed role of neuromotor noise and
biomechanical strategies of coping with noise.
We derived four predictions from the theoretical perspective. Although not every
specific prediction was corroborated by the data, by far the greater part of the predictions
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were substantiated by the data as a whole. The results across all four experiments Chronometrie as well as biomechanical effects for all four combinations of primary task and
stress condition - are depicted in Figure 1. From the figure, and from the secondary analysis
on the combined data of the four experiments, it becomes clear that the first prediction, which
stated that axial pen pressure should be increased as an effect of stress irrespective of the
nature of the task or of the stress type, was verified (see Figure 1 panel с and f)·
The second prediction related to effects in the Chronometrie domain. In Figure 1 it
may be seen that for RT the prediction was verified by the direction of the effects in the
separate experiments, although the effects were not statistically significant. In the secondary
analysis of the data the interaction between stress type and stress level became significant.
For the writing task under cognitive stress, RT increased and MT decreased with higher
levels of stress. The aiming task was far less affected by cognitive stress, which is also
supportive of the third prediction. When physical stress is considered, we see that during
aiming RT remains unchanged, whereas it slightly decreases with writing as a primary task.
For MT the predicted decrease is found (although not significantly) for the experiment with
the writing task but not for the experiment on aiming under conditions of physical stress.
However, significant interactions were found with motor conditions of both tasks (see below).
The third prediction is generally verified by the set of experiments. It says that dualtask conditions have larger effects on task performance if the primary and secondary tasks
share common or "nearby" processing facilities. Comparison of the RT effects across the four
experiments (see panel a and d of Figure 1) reveals that RTs in the number-writing task are
prolonged when the secondary task (counting back) loads on common processing resources.
The same number-writing task showed, however, no effect on RT in conditions of auditory
stress. For the aiming task, none of the stressors changed the movement initiation times
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significantly. MT measures were also generally in line with the specificity hypothesis. For the
number-writing task (Figure 1, panel b), in the experiment with the greater commonality of
primary task and stressor (Experiment 1, writing while counting back), MTs were not
changed. However, in contrast to the prediction of the proposed specificity hypothesis, the
physical stressor of Experiment 2 marginally affected MT in a positive direction (see Figure 1
panel e). Experiment 3 (aiming during physical stress) showed that MT was also marginally
affected by the high-stress condition, although the direction was opposite to that found in
Experiment 2 (see Figure 1 panel e). In line with the results of Experiment 1, MT was not
influenced by the cognitive stressor during aiming in Experiment 4 (aiming and a secondary
arithmetic task; see Figure 1 panel b).
The last set of predictions was not unequivocally verified. According to these, we
expected that the effects of stress would be modified by task difficulty dimensions. The latter
argument implied that instead of decreasing, RT would be prolonged in the more difficult
task conditions and that, eventually, enhanced axial pen pressure would no longer compensate
for higher levels of neuromotor noise, which might result in movement error and even task
collapse. For axial pen pressure, the one-digit number condition exhibited a greater increase
in axial pen pressure than the two-digit number condition (see Figure 1). A possible
explanation is that for motor tasks of a shorter duration, more response preparation is
concentrated in the RT phase, whereas for the longer, two-digit tasks, response preparation is
partly postponed until the execution phase. Evidence for such a strategy was produced with
analogous writing tasks by Hulstijn and Van Galen (1983,1988).
Although the most important implications of the theory were confirmed by the set of
four experiments, some predictions were not supported. In general, auditory noise affected
RT less than expected, and it affected MT marginally in both experiments with physical stress
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(see Figure 1 panel d and e). The small effects on RT could be the result of either limited
difficulty of task demands or the moderate intensity of the acoustic noise. The first
alternative, limited complexity of task requirements, cannot account for the failure to find
significant effects of physical stress, because the writing task showed an effect with cognitive
stress. The second candidate, moderate intensity of the auditory stress, could explain the
findings. Seemingly, although the auditory stressor did affect axial pen pressure (see Figure 1
panel f), further adaptations to performance parameters were not necessary because increased
axial pen pressure was effective in controlling neuromotor noise effects. For both task types,
MTs were marginally influenced by the physical stressor. With loud auditory noise MT was
increased during the aiming task and decreased during the writing task. The facilitation of
MT in the writing task might have been the result of the acoustic accessory. The same
elevated level of activation influenced the aiming task negatively, probably because the
spatial demands of the aiming task prohibited speeding up execution.
Two other findings supportive of the fourth prediction are that in the aiming
experiment during physical stress (Experiment 3), the more difficult aiming condition
(aiming with a start-target distance of 5.0 cm) suffered relatively more from the stress than
did the less difficult aiming condition, which was even facilitated (see Figure 3), although
axial pen pressure was enhanced for both distances during the higher stress condition (see
Figure 4).
In a discussion of the role of learning in dual-task interference, Brown and Carr
(1989) proposed a significant role for progressive information encapsulation in explaining
savings that are due to dual-task experience. This explanation, although stemming from a
different context, is grounded in the same assumption as our principle of the propagation of
task interference through neuromotor noise. Encapsulation is another manner of saying that
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processing mechanisms no longer interfere. In our view, the mediating mechanism in such
interference is the propagation of processing noise. A difference with the preference for a
structural principle by Brown and Carr is that we assign a role to a strategic principle as well.
Whereas learning may refer to long-term adjustments in the deployment of informationprocessing structures, in our study biomechanica] strategies are proposed to be adaptive and
effective tools in coping with short term task demands.
Resource theories of stress effects (Kahneman, 1973; Wickens, 1984, 1992) can also
explain the RT increase of Experiment 1 (cognitive stress and writing). In contrast to the RT
increase effects, however, resource-oriented views cannot account for decreased RTs, because
they would assume an optimal RT for the control conditions. Also, a hypothesis formulated
post hoc that processing time is affected during the movement proper is falsified by
Experiment 2 (writing and physical stress), because an RT decrease did not result in an MT
increase but in an MT decrease.
Whereas resource theories have difficulty explaining the finding of RT decreases,
purely activation-oriented views (Pribram & McGuinness, 1975) cannot explain RT increases
because an overall enhanced readiness to respond as an effect of stress should decrease RT. In
our theory of the role of neuromotor noise and the noise-reducing effects of biomechanical
adaptations, Chronometrie effects and response parameters related to the biomechanical setup
of the task are both manifestations of coping strategies. A further advantage of the present
approach is that a more realistic theory of human performance emerges. Traditionally,
psychologists have focused on a Chronometrie analysis of performance (Posner, 1978).
Recently, however, impressive empirical evidence has accumulated that a complete theory of
performance should recognize the dynamic and biomechanical parameters of human action as
well (Van Soest & Van Galen, 1995). In such an ecologically more valid approach to motor
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Chapter 3
Effects of a Secondary, Auditory Task on Graphic Aiming
Movements'

Arend W.A. Van Gemmert and Gerard P. Van Galen

In this paper effects of a secondary task on the performance of a graphic aiming task were
investigated. To this end a primary graphical Fitts' task and a secondary tone counting task
were used. In order to get insight into the multiple task demanding mechanisms which
influence graphic behaviour, tones were presented in three different phases of the graphical
task . The results revealed (hat movement time increased as an effect of the number of
tones. This result may be explained as a mental load effect of (he (one counting task. This
notion can have consequences for the use of writing tasks as a diagnostic tool for cognitive
disabilities. Although reaction time was facilitated by the mere presentation of tones during
the foreperiod and/or reaction time phase, it was found at the same time that the loudness of
the tones did not show a significant effect. The proposition (hat auditory stimuli have a
direct access on motor output is not undisputable confirmed by the presented results. Future
research should use higher loudness values to provide a more complete answer to the latter
question.

'Van Gemmert, A. W. Α., & Van Galen, G. P. (1994). Effects of a secondary,
auditory task on graphic aiming movements. In Faure, C, Keuss, P., Lorette, G., &
Vinter, A. (Eds.), Advances in Handwriting and Drawing: A Multidisciplinary Approach
(pp 421-439). Paris: Europia.
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In drawing but also in handwriting, spatial control of movement direction and endpoint
accuracy are essential features of task proficiency. However, although there is evidence that
problems in the acquisition of a sufficient degree of skill in handwriting is far more related to
inappropriate spatial control of spacings, letter slant, and lineature than to problems of letter
form generation (Wing, 1979; Wann & Kardikamanathan, 1991; Van Galen, Portier, SmitsEngelsman, & Schomaker, 1991) few studies have been devoted to the psychomotor
processes underlying such spatial deficits. In one of these scarce studies (Van Der Plaats &
Van Galen, 1990) it appeared that the time subjects need to make a spacing between words
depends upon the prescribed width of the spacing and upon the motor complexity of the first
letter after the spacing. This finding demonstrates another typical trait of spatial control in
handwriting, i.e. its double-task character. In handwriting, spatial demands have to be
realized while at the same time retrieval and programming processes related to oncoming
words and letters are running off. As such, this finding is nothing new. Handwriting and
drawing, typically are complex tasks in which subjects have to process concurrently task
demands of various types (syntactical, semantic, lexical, allographic, spatial) (Van Galen,
1991). One could therefore argue that graphic behaviour is a double, or multiple task.
Notwithstanding the existence of a rich literature on the spatial control of arm movements
proper, few studies concentrated on double task demands in space-oriented graphic tasks. The
present study was aimed to provide insight into the mechanisms through which multiple task
demands might influence graphic behaviour. To this end, an experimental method will be
presented to quantify effects of secondary task performance on a graphic aiming task. The
aiming task consisted of a graphical variation of the classical Fitts' task. Subjects had to draw
with a pen as quickly and accurately as possible, straight lines with varying end-accuracy and
varying distance. This particular task has been chosen because the demand type is related to
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the spatial control in writing and, therefore, may indicate how spatial control interacts with
other, cognitive processes.
As a secondary task subjects had to count auditory stimuli which could (or could not)
be presented, one at a time, during each of the different phases of the graphic aiming task
(during the foreperiod, during the reaction time phase, i.e. after the stimulus had been
presented but before the movement started, and/or during the movement phase proper).
Mental load was varied through the number of tones that actually were presented (0-3).
Because the presentation of tones could have a facilitatory, activating effect as well,
we tried to measure and control for this effect through the variation of the intensity of the
tones. Therefore, apart from the variation of cognitive load (number of tones) also a physical
stress dimension was introduced by varying the loudness of the tones between either 55 dBA
or 90 dBA. The loudness of the tones was varied between consecutive blocks of ten trials, and
not between consecutive phases of a trial. The reason to vary a physical dimension of the
double task was that we were interested to know whether (a) physical stress like loud auditory
stimuli had direct disturbing and/or facilitatory effects on the performance of the aiming task
and (b) whether any effects of cognitive load would be moderated by the loudness variation.
Educational studies have stressed the importance of a quite environment for the advancement
of proficient writing performance (Barbe, Lucas, & Wasylyk, 1984) and psychomotor tasks in
general (Hambrick-Dixon, 1986). There is however, no clearcut theory of auditory stress
upon performance sofar. Glass and Singer (1972) pointed out that there are three ways in
which stress induced by auditory noise can be manifested: by disruption of ongoing tasks or
behaviours, by subjective displeasure or annoyance as indexed by complaints, and by
reactions of autonomic, cardiovascular and neuromuscular systems. Albery (1989) showed
that 90 and 100 dBA noise tend to increase mean arterial blood pressure. Linden (1987)
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suggested that effects of noise tend be at strongest when the duration, intensity and frequency
of the noise is unpredictable. Smith (1989) added to this conclusion that a sudden noise onset
or shift has the greatest impact during the execution phase proper. Others however, have
found that moderate auditory stimuli facilitate reaction times (Keuss, Van Der Zee, & Van
Den Bree, 1990). Reaction times decreased more strongly when the targets were more
visually deteriorated. The authors therefore suggested that the facilitation effect was a
perceptual, feature extraction benefit. Sanders (1983) pointed out that auditory stimuli might
have also an immediate access to the motor system and therefore, might have not only an
effect on the feature extraction stage but also a direct effect on motor output which bypasses'
the preceding cognitive stages. Corroborating to this view is a finding by Dimberg (1990),
who showed, with an electromyographic technique, that auditory noise activated the musculi
corrugator supercilii.
Taken together, we may expect to find disruptive as well as facilatatory effects of a
secondary auditory task on graphic behaviour. The classical view suggests an increase of
reaction time and movement time caused by consuming processing resources needed to
process an auditory stimuli in general (Posner, 1978; Wickens, 1984). According to Hockey
(1970) we might expect that especially the mental load of the tone presentations will lead to
task deterioration (increased movement times) while the physical dimension of the tones is
expected to facilitate the reaction time process but to disrupt the dynamics of the movements
proper. The facilitation of an increased arousal level is only expected when the arousal level
did not reach the optimal arousal level during performance (Jones, 1990; Hockey, 1970). In
detail, we assume to find facilatatory effects caused by energetical mechanisms and
deteriorative effects caused by computational mechanisms.

Effects of a Secondary, Auditory Task on Graphic Aiming Movements

71

To get a further insight into the kinematic effects of tone presentations we used a
method developed by Van Galen et al. (1990). The latter authors used power spectral density
analysis of the acceleration profiles of fìnger and hand movements to show that mental load
led to an increase of neuromotor noise as exemplified by an increased energy in the higher
frequency bands of the power spectral density function. This analysis was also used in a
subsequent study, which aimed to provide an explanation for Fitts' law (Van Galen &
Schomaker, 1992). The authors suggested an increased stiffness of the limbs as a strategy of
the system to meet increased demands of a Fitts' task. In the present experiment we will
investigate whether either mental load or stimulus loudness will have comparable effects on
the power spectral density functions of the movement signals.

Method

Subjects
Nine female and two male psychology students, aged between 18 and 25 years, volunteered
as subjects in the experiment. For their participation, subjects got course credits. All subjects
were right handed with normal or corrected-to-normal vision.

Task and apparatus
The main task was a graphical aiming task. In a typical trial, the subject had to draw, after the
appearance of a go-signal and as quickly as possible, a line from a constant starting position
to a round target area with a diameter of either 0.4 or 0.8 cm and at a distance of either 2 or 4
cm. The targets were located at a 45 degrees upward position such that the drawing
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Figure 1. The graphical aiming task.

During the experiment, subjects were presented with visual information of the starting
position, target area, current pen position, and produced movement trajectory on a computer
display which was placed at eye level at a distance of 80 cm in front of the subject. At the
beginning of every trial the subject was required to bring the tip of the pen into the starting
area. After the pen retained a stable position within the starting area during a period of 1060
ms the computer program (running on a VAX-station 31/100) controlling the experiment
presented a black circle with a diameter of 0.3 cm covering the central target area. This
visual signal functioned as the go-signal. The subject was instructed to draw immediately
after the appearance of the go-signal as quickly and as accurately as possible a straight line
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ending in the target. After a 2.5 sec registration period, the plus sign, representing the tip of
the pen, transformed to an arrow, indicating that the trial had ended. After a fixed period of
0.5 seconds the arrow transformed to a plus again and a new trial began.
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Figure 2. Moment of tone exposure.

The secondary task was a tone counting task. Tones could occur (one at a time) or not
occur, during each of the three phases of a trial, i.e. 240 ms before the go-signal, immediately
after the display of the go-signal, and 80 ms after the subject had initiated the actual response
with the pen, but not before a period of 160 ms after the go-signal. So in short, the tone
during the foreperiod occurred 820 ms after the beginning and the tone during the reaction
time phase occurred 1060 ms after the start of a trial. The tone during the execution phase
occurred 80 ms after the pen left the start area, but not before 1220 ms after the beginning of
a trial (see Figure 2). Therefore only the tone during the execution phase was not preset in a
trial, but depended on the on-line monitoring of the tip of the pen. The number of tones that
could be presented during a trial varied between zero and three. Together with three possible
phases in which a tone could occur, this led to 8 different tone counting conditions (see Table
1).
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The experiment consisted of 64 blocks of 10 trials. Within a block, target width, target
distance and loudness were held constant, whereas tone counting conditions were varying
according to a quasi-random regime. For each of the eight tone counting conditions (see
Table 1) ten replications were used, so eight blocks of ten trials had the same target width,
target distance and loudness. All 80 trials of these 8 trial blocks were presented to the subject
in a quasi-random order that assured counterbalancing for order of presentation effects. In
total every subject performed 640 experimental trials. To become familiarized with the task,
subjects were given an opportunity to practice with a selection of task conditions until they
felt confident about task requirements. During the experiment rest intervals were interspersed
to prevent fatigue.
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Data analysis
For each condition, data records of trials 3-10 were used for further analysis. The task
replications were stored in a file with data records of the position of the pen on the X- and Yaxis of the tablet respectively, as a function of time. The onset and offset of the movement
was detected on the basis of a fixed criterion for absolute velocity, being 5% of the top
velocity and after low-pass filtering of the signal with a 16 Hz filter. The spectral density of
the frequency bands representing the acceleration signal over time was calculated using the
unfiltered signal. Spectral density power analysis is based on the assumption that the total
variance of a signal is composed by the sum of variances of an infinite number of sinusoidal
components. Through the application of Fourier analysis, the relative contribution of a finite
set of frequency bands to the total power within a signal can be determined (Van Galen et al.,
1990). In the present study, for each experimental condition an average deviation spectrum
was calculated to estimate relative movement noise in the consecutive bands of the spectrum.
The average deviation spectra were derived from the individual movement records by
calculating, for each recorded movement separately, the deviation between the record and the
mean movement profile for that condition (Van Galen & Schomaker, 1992). Finally, the
absolute power score in each frequency band was converted to a relative power score, in order
to make it possible to compare conditions with different movement times. The reaction time,
the movement time and the relative spectral density data of the consecutive frequency bands,
were subjected to ANOVA 's, according to a completely factorial design (11 subjects χ 2
target diameters χ 2 target distances χ 2 tone intensities χ 8 tone counting conditions)
followed by a stepdown analysis for the variables which were nested within counting
conditions, namely number of tones and moment of tones exposure for one tone and for two
tones, respectively.
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Results

A highly significant main effect of the factor subjects was found for all dependent variables.
For this reason, in the further analysis a full factorial design was used. All other effects were
statistically examined using the ANOVA mean square of the interaction between subjects and
the particular effect as an error term.

Reaction Times
No main effect was found of tone intensity on reaction time (F[l,10] = 1.25; ρ = .2893).
However, there was a main effect on reaction time of tone counting conditions (F[7,70] =
27.08; ρ < .0001). In order to get an insight into this effect we analyzed in a separate,
stepdown analysis the nested effects of the number of tones and exposure phase. Overall,
number of tones had a significant, facilitating effect on reaction time (F[3,30] = 22.81; ρ <
.0001). When the number of tones increased, reaction time decreased (see Figure 3 and Table
2), although the two tones condition did not significantly differ from the three tones
condition. This finding was to be expected, because the third tone occurred after the reaction
time phase and therefore could not have an effect on reaction time. For each of the two
number of tone conditions (respectively one and two tones) the exposure phase variable had a
significant effect on reaction time (respectively F[2,20] = 35.34; ρ < .0001 and F[2,20] =
28.78; ρ < .0001). For the one tone condition, reaction time was shortest when the tone
occurred during the foreperiod; intermediate when a tone occurred during the reaction time
phase and highest when the tone occurred during the execution phase (see Table 3). For the
two tone condition, only the condition with one tone during the foreperiod and the other tone
during the reaction time phase could make a difference for reaction time, presumably because

Effects of a Secondary, Auditory Task on Graphic Aiming Movements

77

a tone during the execution phase can not affect the reaction time (see Table 3). The two tone
condition with a tone during the foreperiod and the reaction time phase showed an
intermediate facilitation (see Table 3). The two tone condition with a tone during the
foreperiod and execution phase did not differ from the one tone condition with a tone during
the foreperiod only (see Table 3). Also the two tone condition with a tone during the reaction
time phase and the execution phase did not differ from the one tone condition with a tone
during the reaction time phase (see Table 3). So in short, most facilitation occurred when a
tone is presented before the actual execution of the aiming movement. However a second
tone during the reaction time phase did not add to the facilitative effect. A possible
explanation is that the facilitative effect of a tone presented during the foreperiod is
diminished by the load of counting two tones before the actual execution.
Table 2. Number of tones.
Reaction time

Movement time

No tone

485 ms

500 ms

One tone

350 ms

513 ms

Two tones

287 ms

529 ms

Three tones

283 ms

558 ms

As to the effects of the spatial demands of the graphic task, it appeared that the main
effect of target distance was significant (F[l,10] = 6.13; ρ < .05). When the distance to the
target increased from 2 to 4 cm,reactiontime increased as well from 328 ms to 341 ms. No
main effect was found of target diameter on reaction time (F[l,10] = .21; ρ = .6595).
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Table 3. Tone occurrence conditions.
Tone occurred
during:

Reaction time

Movement time

No tone

485 ms

500 ms

Foreperiod

241 ms

527 ms

Reaction time phase

344 ms

507 ms

Execution phase

464 ms

507 ms

Foreperiod and
reaction time phase

277 ms

544 ms

Foreperiod and
execution phase

243 ms

522 ms

Reaction time phase
and execution phase

341 ms

521 ms

Foreperiod, reaction
time phase and
1 execution phase

283 ms

558 ms
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Figure 3. Effect of number of tones on reaction time.

The interactions between tone counting conditions and target distance (F[7,70] = 2.73;
ρ < .05 (see Figure 4)), tone counting conditions and target diameter (F[7,70] = 2.73; ρ < .05
(see Figure 5)), and tone intensity and target distance (F[l,10] = 16.81; ρ < .01 (see Figure 6))
were all significant. All other two-way interactions failed to be significant on a critical alpha
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of 5 percent. In the further analysis, only the interaction between moment of tone exposure
for one tone and target distance reached significance (F[2,20] = 5.91; ρ < .01 (see Figure 4)).
Apart from this, the stepdown analysis of tone counting conditions revealed no further
significant interactions.

ВЦ
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Fp^dp
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Rp»ep

Fp»Rp<Ep

Tone counting conditions

Figure 4. Effect of tone counting conditions χ distance on reaction time (Nt=no tone;
Fp=Foreperiod; Rp=Tone occurred during reaction time phase; Ep=Tone occurred during
execution phase).
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Figure 5. Effect of tone counting conditions χ diameter on reaction time (Nt=no tone;
Fp=Foreperiod; Rp=Tone occurred during reaction time phase; Ep=Tone occurred during
execution phase).
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Figure 6. Effect of distance χ loudness on reaction time.

Movement Times
Analogously to the findings for reaction time, tone intensity did not have a significant main
effect on movement time (F[l,10] = .70; ρ = .4227). However, as for reaction time, tone
counting conditions did have a significant main effect on movement time (F[7,70] = 11.39; ρ
< .0001). To get an insight into the cause of the main effect of tone counting conditions we
analyzed separately the nested effects of the number of tones and exposure phase. With
respect to the number of tones it appeared that in contrast to reaction time, movement time
increased significantly with increasing number of tones (from 500 ms to 558 ms for 0 till 3
tones respectively; F[3,30] = 18.12; ρ < .0001 (see Figure 7 and Table 2)), apart from the no
tone condition and the one tone condition which did not significantly differ from each other.
The exposure phase was again analyzed separately for the one tone and two tones condition,
respectively. In both the conditions the effect of exposure phase was significant (one tone
condition: F[2,20] = 35.34; ρ < .0001 and two tones condition: F[2,20] = 7.59; ρ < .01). For
the one tone condition, the movement time was highest when a tone occurred during the
foreperiod (see Table 3) and was equally low when a tone occurred during reaction time
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phase and execution phase (see Table 3). For the two tones condition, the movement time was
highest when a tone occurred during the foreperiod and the reaction time phase and was
equally low when a tone occurred during the foreperiod and execution phase, and when a tone
occurred during the reaction time phase and the execution phase (see Table 3). So it seems,
that effects of tones are more outspoken the earlier they occur. Two possible explanations are:
1 an effect of a tone needs time to have an impact on the system, 2 the encoding of tones in a
memory buffer for later recall is more difficult when the tone occurred earlier.
As to the effects of the spatial demands of the graphic task it appeared that the main
effect of target distance was, as to be expected, highly significant (F[l,10] = 94.34; ρ <
.0001). When the target distance increased from 2 to 4 cm, movement time increased from
465 ms to 582 ms. The main effect of target diameter failed to be significant (F[l ,10] = .05; ρ
= .8295), although the interaction between target distance and target diameter reached
significance (F[l,10] = 8.84; ρ < .05 (see Figure 8)).
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Figure 7. Effect of number of tones on movement time.

The interaction between tone intensity and tone counting conditions reached also
significance (F[7,70] = 4.29; ρ < .001 (see Figure 9)). All other two-way interactions failed to
reach significance. Stepdown analysis showed that tone intensity and tone exposure phase
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interacted for both the one tone and the two tones condition (respectively F[2,20] = 7.36; ρ <
.01 and F[2,20] = 9.96; ρ < .01 (see Figure 9)). These interactions showed that the weak tone
during the foreperiod had an increasing effect on movement time. This interaction supports
the hypothesis that the encoding of tones would be the explanation for the increase of
movement time as an effect of a tone during the foreperiod. All other two-way interactions of
the stepdown analysis of tone counting conditions failed to be significant.
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Figure 8. Effect of distance χ diameter on movement time.
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Fp=Foreperiod; Rp=Tone occurred during reaction time phase; Ep=Tone occurred during
execution phase).
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Effects on movement dynamics
In addition to Chronometrie data reported above, also power spectral density analysis was
employed to estimate the relative movement noise. Firstly, for each data record the movement
direction was rotated 45 degrees, such that the Y-direction was the direction to the goal and
the X-direction was the direction perpendicular to the goal direction. In the next discussion of
the relative power we will speak about relative movement noise in the Y-direction (the goal
direction) and the relative movement noise in the X-direction (the direction perpendicular to
the goal direction).
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Figure 10. Effect of number of tones on relative power in the Y-direction (*= alpha < .05;
**= alpha <.01).

Relative power of the Y-direction
Main effects of tone intensity were found for none of the frequency bands (all F[l,10] < 3.10;
ρ > .10). But the main effects of tone counting conditions did reach significance for the 4-7
Hz, and all frequency bands between 13 and 40 Hz (all F[7,70] > 2.60; ρ < .05). To get a
more detailed insight into these effects, the nested effects of the number of tones and
exposure phase were analyzed. The (nested) effect of number of tones revealed significance
for the 4-7 Hz and higher frequency bands (see Figure 10). When the number of tones
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increased the relative power in the 4-7 Hz band decreased, in contrast to the increased power
in the higher frequency bands for the same conditions. The exposure phase variable did also
reach significance for the spectral power data of the lower and higher frequency bands (see
Figure 11), and for the one tone and the two tones condition respectively.
With respect to the spatial demands, the target distance reached significance for the
lower and higher frequency bands (see Figure 12). When the target distance increased, the
relative power of the Y-direction decreased significantly for all frequency bands, except the
1-4 Hz band, which showed an increase of relative power, the 10-13 Hz band and the 13-16
Hz band which both showed no effect at all. Also target diameter showed a significant effect
for the 7-10 Hz (F[2,20] = 8.47; ρ < .05) and 31-34 Hz bands (F[2,20] = 5.86; ρ < .05). When
the target diameter increased from 4 mm to 8 mm, the relative power of the Y-direction of the
7-10 Hz band increased (respectively from 0.157750 to 0.164422) and the relative power of
the Y-direction of the 31-34 Hz band decreased (respectively from 0.0063737 to 0.0059494).
Monwnt of Ion· ожрооип)
В

Fp

Frequency bands (Hz)

Figure 11. Effect of moment of tone exposure on relative power in the Y-direction (One tone,
*= alpha < .05, **= alpha < .01 ; Two tones, += alpha < .05).
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Figure 12. Effect of distance on relative power in the Y-direction (*= alpha < .05; **= alpha
<.01).

Relative power of the X-direction
One should keep in mind that the effects of the absolute power for the X-direction are ten
times or more smaller than the effects of absolute power for the Y-direction, because the Xdirection is the direction perpendicular to the goal direction. Again, no main effects of tone
intensity were found for the frequency bands representing the relative power of the Xdirection (all F[l,10] < 2.94; ρ > .10). However, tone counting conditions showed,
analogously to the findings for the Y-direction, main effects for lower and higher frequency
bands on the relative power of the X-direction (all F[7,70] > 2.27; ρ < .05). To get additional
insight into these effects, again the nested effects of number of tones and exposure phase
were further analyzed. The effects of number of tones reached significance for lower and
higher frequency bands (see Figure 13). When number of tones increased the relative power
of the X-direction for the lower frequencies decreased and the relative power of the higher
frequencies increased. The nested effects of moment of tone exposure of one tone showed
only significance for the 1-4 Hz frequency band (F[2,20] = 3.77; ρ < .05). When the tone
occurred during the foreperiod, relative power of the X-dimension for the 1-4 Hz band was
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significant higher (.033915) than when the tone occurred during the reaction time phase
(.030884) or during the execution phase (.028623). For moment of tone exposure of two
tones, only the 1-4 Hz and 34-37 Hz reached significance (respectively F[2,20] = 14.60; ρ <
.0001 and F[2,20] = 5.75; ρ < .05). When a tone occurred during the foreperiod and the
reaction time phase, and when a tone occurred during the foreperiod and execution phase,
relative power of the X-dimension was significant higher for the 1-4 Hz band (respectively
.035257 and .033279) than when a tone occurred during reaction time phase and execution
phase (.028310).

Figure 13. Effect of number of tones on relative power in the X-direction (*= alpha < .05;
**= alpha <.01).

Figure 14. Effect of distance on relative power in the X-direction (**= alpha < .01).
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Regarding the spatial demands of the task, target distance did reach significance for
the lower and higher frequency bands (see Figure 14). When the target distance increased, the
relative power of the lower frequency bands increased as well, but the relative power of the
higher frequency bands decreased. No main effects of target diameter were found on any
frequency band (all F[l,10] < 4.36; ρ > .05).

Discussion

The central question of this study was whether a secondary, tone counting task would
interfere with a graphical aiming task. The results show that this question may be answered
affirmatively. From the movement time data it was concluded that increased number of tones
led to an increase of movement time. It was further found in the analysis of the dynamic
features of the movement that low frequencies were suppressed and higher frequencies were
enhanced as result of increasing difficulty of the secondary task. These effects were more or
less similar to the findings of Van Galen et al., (1990) who produced evidence for an identical
shift in the distribution of power across the spectrum as consequence of increased
programming demands. Apart from these findings for the movement execution phase,
reaction time was facilitated if the number of tones increased. A possible explanation for
finding a reaction time decrease and a movement time increase at the same time, may point to
the possibility that part of the movement programming is suppressed during the reaction time
phase. In this view, postponement of movement programming is elicitated by the tone
encoding and counting process. However the latter explanation should predict no further
effect of a third tone, because this tone always will occur after the motor response had started
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accordingly, no difference should be found between the two and three tones conditions.
Contrary to this explanation, the data of the present experiment reveal a further movement
time increase for the three tones condition without a simultaneus reaction time profit. So, we
support a view that the increased number of tones did increase mental load.
With respect to the facilitatory effect on reaction time, one should keep in mind that
the tones given before actual movement seemingly activated the motor system to react more
quickly on the appearance of the go-stimulus. This interpretation is supported by the finding
that reaction time was facilitated only as an effect of one or two tone presentations before the
actual execution phase. The most outspoken facilitation of reaction time was found if a tone
occurred during the foreperiod. A different picture was found for the two tones conditions,
now a tone occurring during the foreperiod and during the reaction time phase did not
produce the greatest reduction of reaction time. This can be understood when one takes into
account that possibly the facultative effects were reduced by the mental load cost of encoding
the two tones. This cognitive cost of encoding a second tone during reaction time did not
occur when the second tone was presented during the execution phase. Another conclusion
can be derived from the intermediate facilitation of tone presentation during the foreperiod
and the reaction time phase, namely that the activation benefit of the tone occurrence during
the foreperiod is bigger than the mental cost of encoding two tones. The moment of tone
exposure showed also that movement time increased mostly when a tone occurred during the
foreperiod. This tone exposure effect may indicate that a tone needs time to get impact on the
system. Corroborating evidence for the alternative interpretation that memory processes
which are necessary for the performance of the second task are involved in the reaction time
and movement time data pattern can be obtained from the change of the distribution of
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relative power of the Y-direction if tones occur more early. The latter shift of the power
distribution is similar to the change induced by increased number of tones.
The form of the interaction of tone counting conditions and loudness suggests that the
tone counting cost during the foreperiod is probably caused by a difficulty of hearing the
weak tone. Other support for the notion that the weak tone may have caused detectability
problems is found in the interaction between target distance and loudness. For the condition
of the loud tones, it seems that the activation facilitates reaction time for the short, target
distance. The weak tone did not induce a comparable effect. These finding stress the
importance of using higher loudness intensities in future experiments, in order to bill out the
consequences of poorly detectable tones. Another suggestion could be to lengthen the
duration of the tone. When one lengthens the duration of the tones, one should be alert not to
exceed the duration of the shortest phase.
As to the effects of the spatial demands, this experiment showed that the go-signal as
used in the present experiment should be avoided in future experiments, because the black
circle in the middle of the target area covered the whole central area of the small target. As a
result, the perception of the small target area proper may be masked by the go-signal. This
artefact could have been the cause of the failure to find a significant main effect of diameter
on movement time, although relative power of the Y-direction revealed a significant outcome.
The relative power decreased for the 7-10 Hz band and increased for the 31-34 Hz band, as
result of increasing accuracy. With respect to the target distance, as expected, movement time
increased as result of increasing amplitude. One can conclude that only target distance
showed the expected effect on movement time. When one takes into account that as an effect
of an increase of distance the relative power for the lowest bands increased whereas the upper
bands decreased. This finding suggests that some kind of extra mental load has been induced
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Chapter 4
Auditory Stress Effects on Preparation and Execution of
Graphical Aiming: A Test of the Neuro-motor Noise Concept'

Arend W. A. Van Gemmert and Gerard P. Van Galen

Effects of physical and mental stress, on preparation and execution of a psychomotor task
were studied to test the applicability of the neuro-motor noise concept (Van Gemmert &
Van Galen, in press) as an explanatory ground to stress effects. Central to this notion is that
both physical stress and mental load raise neuro-motor noise levels in the human
information processing system. It is proposed that enhanced levels of neuromotor noise lead
to decreased processing times during task preparation (activation effect), decreased or
increased reaction times during task initiation, depending on task difficulty (impoverished
signal-to-noise effect) and increased limb stiffness during task execution (biomechanical
filtering effect). To test these predictions, an experiment was conducted in which two types
of auditory stressors, physical stress and mental load, were manipulated across the stages of
preparation, initiation, and execution of a graphical aiming task. The results confirmed the
notion that the neuro-motor noise concept is a fruitful approach to explain effects of stress
on human performance.

'Van Gemmert, A. W. Α., & Van Galen, G. P. (submitted). Auditory stress effects
on preparation and execution of graphical aiming: A test of the neuromotor noise concept.
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Accurate aiming is an essential feature of performing in many psychomotor tasks, like typing,
performing music, drawing, and handwriting. In daily life, most of these tasks are performed
in combination with irrelevant auditory stimuli, like traffic noise, and in combination with
mental load, such as linguistic and lexical processing or doing mental arithmetic. Although
the acquisition of a sufficient degree of skill in these tasks depends on fast and accurate
spatial control (Smiley-Oyen & Worringham, 1996; Wann & Kardirkamanathan, 1991; Wing,
1979; Van Galen, Portier, Smits-Engelsman & Schomaker, 1993; Van Gemmert & Van
Galen, 1994) little is known about processes and underlying mechanisms of physical and
mental stress on aiming performance. In this study, it is proposed that the concept of
"neuromotor noise" is a useful device for a more thorough understanding of stress effects on
fine motor control. Although originally the meaning of neuromotor noise was exclusively
related to the unreliability of spatial control in human performance (e.g. in Fitts' 1954
account of the relationship between movement time and movement difficulty), in a more
recent publication by Van Galen ,Van Doorn and Schomaker (1990) it was hypothesised that
neuromotor noise could be a key concept in understanding how mental load and other
stressors affect Chronometrie measures of performance. The latter authors developed a
measurement technique for estimating the relative amount and frequency characteristics of
noise components in finger and wrist movements. Noise components were considered to be
expressed by high frequency oscillations of the velocity signal of movements that are
superimposed on the movement frequency proper. Those noise related frequencies were
assumed to be the reflexion of physiological tremor, neuromotor recruitment noise and
mechanical instabilities of the moving limb. In their experiment, the authors demonstrated
that contextual task load was accompanied by a change of the form of the frequency spectrum
for movements under that condition expressing the increase of noise components under
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conditions of increasing movement complexity. In later studies. Van Galen and co-workers
(Van Galen & Schomaker, 1992; Van Galen & De Jong, 1995) expanded the theory of the
role of neuromotor noise to more general aspects motor performance. In the most recent part
of this work Van Gemmert and van Galen (in press) applied the neuromotor noise concept in
their designing of a wider theoretical account of stress effects. It is a major goal of the present
article to test this theory in a precisely controlled experiment with aiming tasks. Before
explaining the theory in more detail, a short historic overview will be given of the research
into aiming movements and its relation with cognitive demands. In addition, some earlier
studies on the effects of stress on human performance will be discussed.
Traditionally, theories about aiming focused on spatial demands and its relation to
temporal task requirements. For example, the literature on Fitts' law (1954) is numerous. The
applicability of its loglinear relation between spatial demands and movement time is proven
for many different aiming tasks, varying from throwing darts to aiming movements under
water (Keek, 1982; Rosenbaum, 1991; Schmidt, 1988). Another example, inspired by the
work of Fitts and Peterson (1964), is the impulse-variability model of Schmidt and colleagues
(Schmidt, Zelaznik, Hawkins, Frank & Quinn, 1979). The latter model is also founded on the
same relation between spatial requirements and movement time (Schmidt et al., 1979),
though the relation is not identical. The main difference between both theories is that Fitts'
law is based on an independ target width that affects movement time, while in the impulsevariability model the endpoint accuracy is varied as effect of a preset movement time
(Rosenbaum, 1991; Van Galen & De Jong, 1995).
Mostly, theories as discussed above are constructed using very simple movements.
When these relatively simple movements are embedded in a complex motor skill, not only
spatial demands affect Chronometrie measures, but cognitive demands will do as well
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(Colley, 1989; Klapp & Wyatt, 1976; Sternberg, Monsell, Knoll & Wright, 1978; Van Galen,
1984; 1991). For example, reaction time and movement times vary as an effect of task length
for handwriting (Hulstijn & Van Galen, 1983), and for producing speech (Sternberg, Monsell,
Knoll & Wright, 1978). Another example of a cognitive demand effect on reaction time and
movement time is the effect of the preceding sequence. In handwriting, reaction time
decreases as effect of identical pairs of letters, while movement time increases (Teulings,
Thomassen & Van Galen, 1983). Also, for producing Morse code, reaction time decreased as
an effect of similarity of code sequences (Klapp & Wyatt, 1976).
Apart from cognitive demands, most tasks are executed in daily life under conditions
of different kinds of external and internal stress, like for example traffic noise, intensive
mental labour, or emotional worry (Broadbent, 1971; Glass & Singer, 1972). Usually, these
tasks are accomplished under conditions of stress without exceeding task requirements, due to
the investment of increased levels of effort into these tasks (Broadbent, 1971; Eysenck, 1984;
Sanders, 1983). Although often stress is related to the inability to meet current task-demands,
in the present article we relate stress to the need of the organism to increase effort as effect of
external and/or internal stimuli. This notion can be characterised as a stimulus-based
definition (Cox, 1978). In this view, it is not difficult to understand the fact that stress factors
affect human performance in various ways, both positive and negative (Van Gemmert & Van
Galen, in press). For instance, Welford (1973) showed that loud auditory noise leads to
increased performance speed at cost of making more errors, while in a study of Broadbent
(1979) increased error rates were as accompanied by occasional very long reaction times. In
contrast to the former findings, a study by Keuss, Van der Zee, and Van den Bree (1990)
showed even facultative effects of auditory noise.
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Many researchers recognized these seemingly paradoxal results obtained from
different studies to the effects of stress on human performance (Fisher, 1986; Jones & Hardy,
1990; Koelega & Brinkman, 1986; Kryter, 1994; Smith, 1989; Van Gemmert & Van Galen,
in press). Therefore the challenge for a theory on mental load, stress and task demands is to
structure a model which can explain these seemingly contradictory results and predict future
findings. An attempt to such a theory was made in Van Gemmert and Van Galen (in press).
Before presenting a short summary of that theory which formed the base for predictions to be
tested in the present experiment, earlier proposals on the relation between stress and human
performance are briefly discussed.

Early theorizing about stress
Early theorizing about stress emphasized the found relationship between arousal and
performance, as described by Yerkes and Dodson already in 1908 (see Eysenck, 1982 for a
review of the Yerkes-Dodson law). These unidimensional theories ignored the fact that
individuals can cope actively with stress (Hockey & Hamilton, 1983; Jones & Hardy, 1990).
Therefore Broadbent (1971) proposed a hierarchical two dimensional approach. In this
theory, subjects can actively cope with stress by an upper arousal mechanism, which can
compensate for unsatisfactory levels of arousal. Although the latter view can explain many
and diverging experimental results, every finding can only be explained post-hoc and not
predicted in advance, so the arguments in favour of this model are circular.
A theoretical model developed by Sanders (1983) integrates resource allocation and
linear stage models which were previously viewed as opposing theories. This model, with the
inheritance of Stembergs (1969) approach of information processing and Pribram and
McGuinness' (1975) energetical model of resource flows, is already a step forwards in
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understanding performance under stress conditions. Nevertheless, Sanders' model (1983) is
limited because the linear stage additive factor method can only account for reaction time
effects of stressors.

Towards a dynamical view on stress
In contrast to conventional models of human performance, recently developed theories
emphasize dynamical measures, like axial pen pressure and limb stiffness, instead of static
chronometrical measures, such as reaction times and movement times (Van Soest & Van
Galen, 1995). Considering this viewpoint, Van Gemmert and Van Galen (in press) proposed a
theoretical perspective to stress and human performance in which the concept of neuro-motor
noise plays a central role. Their basic assumption is that physical as well as cognitive
stressors enhance the overall level of neuro-motor noise in the brain structures subserving
psychomotor performance, and this neuro-motor noise spreads throughout the system in time
and space. As a result of this proposition, physical as well as mental stressors may affect task
performance in analogous ways, but only to the degree that presence of the stressor overlaps
with task related processing, in time or in functional areas of the brain. Another assumption
stated by the authors was derived from a study on the origin of Fitts' law (Van Galen &
Schomaker, 1992) which showed that increased spatial demands of an aiming task resulted in
higher degrees of limb stiffness. Therefore, it is assumed that easy tasks are facilitated
whereas complex tasks are disrupted by neuromotor noise. In four experiments in which two
graphical tasks (aiming versus writing) were crossed with two stressors (auditory noise versus
an arithmetic secondary task) the authors showed that Chronometrie measures were affected
differentially by the stressors, depending on the coherence of the task with the stressor and on
the complexity of the task. In contrast to the varied effects on Chronometrie measures, it was
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found that axial pen pressure levels were enhanced in all four experiments. The latter effects
were hypothesised to be the effect of increased levels of limb stiffness. For the present theory,
this effect is a crucial element to extend theoretical notions on Chronometrie effects of stress
to biomechanica] movement execution parameters. The underlying assumptions and
supportive evidence for this part of our stress theory is formulated in more detailed terms in
Van Galen and Schomaker (1992), and in Van Galen and De Jong (1995). It is asserted that
neuromotor noise is expressed by dynamic movement noise as it can be measured by the
noise components of the movement velocity signal. Because dynamic noise leads to
(unwanted) endpoint variability in aiming tasks, it is to be filtered by biomechanic adaptation
of muscle and limb stiffness. Van Galen and Schomaker showed that in aiming tasks,
increased accuracy demands evoked slower movements with higher limb stiffness profiles.
Another manifestation of the biomechanical strategy is to enhance the low-pass filtering
characteristics of limbs by enhancing the friction with the working surface (cf. Van Gemmert
& Van Galen, in press), which for graphical tasks result in increased levels of axial pen
pressure. In the present article, especially the latter strategy will be the focus of interest to
uncover biomechanical strategies to cope with stress.
Although the study of Van Gemmert and Van Galen (in press) was successful in its
general predictions on the effects of stress, the effects of stress on the various stages of a
psychomotor task were not systematically disentangled. In their experiment, the authors
presented their subjects with continuous variations of physical or mental stress, such as
continuos auditory noise, or continued mental arithmetic. The application of continuous
variations of stress made it impossible to separate effects produced by disturbances in the
foreperiod, reaction time phase, or execution phase. At the same time, it was not possible to
discriminate between the physical effects of the stimuli and their cognitive loads in that
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experiment, because physical stress was introduced by an auditory stimulus procedure which
was different from the visual number stimuli that introduced the mental load. The latter
weakness prevented to make a direct comparison between mental load and physical stress,
because different modalities (auditory versus visually) are used to encode the stimulus which
means that differences found between mental load and physical stress can be attributed to
characteristics of the processes in the different modalities. In the present experiment it is tried
to prevent these shortcomings.
Traditionally, motor preparation, reaction time phase and movement execution are
distinguished as relevant but different stages of a motor task. The primary goal of the present
study is to provide insight into effects of stress along these three different stages. Another aim
is to separate effects of physical stress from mental load. To differentiate between physical
stress and mental load effects, without introducing unintended effects of the classes of stimuli
that cause the stress, both types of stress should be induced by the same stimuli. To this end,
we designed an experiment wherein the stress inducing conditions are more precisely
scheduled according the three phases of a graphical variation of the Fitts' task (Fitts, 1954),
and wherein the stressors are induced by identical stimuli. Selectively scheduled across either
the preparation, the reaction time or movement execution phase of the graphical aiming task,
two types of stress were applied in a mixed, within-subjects, between-subjects design.
Physical stress was varied within subjects by scheduling loud tone bursts (95 dBA) and tone
bursts of intermediate loudness (65 dBA) across the three task stages. The tones further had a
high or a low pitch, but pitch was irrelevant in the mentally non loaded condition. Mental
load was varied between subjects and was effectuated by instructing a second group of
subjects to discriminate and report on the pitch of the tone (high versus low) after the end of
each aiming trial.
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The scheduling of the presentation of the stressor was varied across the three
consecutive phases of the aiming task (e.g. the foreperiod, reaction time phase, and execution
phase) to test more precise effects on processing mechanisms.

Combined effects of stress and task demands
Spatial demands in the form of target width and target distance of the aiming task were also
manipulated to investigate interactions between effects of stress and task difficulty. The
reason for the latter manipulation was that easy motor tasks (the conditions with low spatial
demands) should benefit from the activating effect of the tones at the motor output system,
while spatially more difficult aiming conditions should not benefit or even be affected
negatively by increased neuro-motor noise in the processing system (Stoffels, Van der Molen
& Keuss, 1985; Van Gemmert & Van Galen, in press).

Predictions: Reaction Times
The first set of predictions is related to movement initiation times in the graphical Fitts' task.
As far as the activating role of auditory probes is considered, and due to the transient nature
of short bursts of auditory stimulation, RTs will be facilitated mostly if the auditory probe is
presented during the foreperiod stage. RT will be decreased intermediately if the sound burst
is presented during the reaction time phase, and reaction time will not be affected by
activation processes if the tone is presented during task execution.
As to the effect of stimulus intensity, it is predicted that RT will be decreased for the
louder tones. In addition, the latter activating effect will be stronger for tones presented
during the earlier phases of the task (foreperiod and reaction time phase).
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Reaction time will also be affected by mental load. According to Van Gemmert and
Van Galen (in press, 1994) mental load will enhance the level of neuro-motor noise in the
system. In contrast to the relatively small and transient access of processing resources by
short tone bursts proper, it is assumed that the mental load of encoding tone pitch and
remembering it for later report does lead to a more intensive exploitation of processing
resources. Therefore to reach an adequate signal-to-noise ratio in the latter condition,
prolonged processing will be necessary to profit from the decaying nature of the noise and the
accumulation of signal information. As a general result, mental load will enhance reaction
times, but these cognitive load effects will be found most pregnantly when auditory probes
are presented during the reaction time phase, because during that phase the processing system
is heavily loaded by the forthcoming aiming movement as well. For probes presented during
the foreperiod, the effects of cognitive load will be minimal, because of the transient,
decaying nature of neuro-motor noise.
A final prediction about reaction times is related to the combined effects of stress and
task demands. Task complexity is expected to interact with both types of stress. Higher levels
of task complexity (smaller width, longer movement distance, or both) are assumed to
increase disruptive effects of stress. As a result, physical and/or mental stress will prolong
reaction times even more when the spatial demand of the aiming task is increased, i.e. when
subjects aim at smaller or farther away targets.

Predictions: Movement Times
A second set of predictions describes effects of stressors on movement time. In its most
general form, the prediction reads that physical stress will lead to increased movement speed
as an effect of activation. It is further relevant that the activational gain of tones are expected
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to decay over time. Therefore, it is predicted that physically activating effects on movement
time will be minimal when a tone is scheduled during the foreperiod. Tones scheduled during
the execution phase are assumed to result in maximally activating effects on movement
execution.
Mental load and enhanced task complexity are expected to slow down movement
execution in a Fitts' task, analogously to Van Gemmert & Van Galen (1994). This effect will
be present for tones presented during all three phases of the Fitts' task but it will be
counteracted by the activating effect of the tones. Because the latter activation is a transient
phenomenon, it is expected that, in the mentally loaded condition, tones presented during
movement execution will lead to shorter movement times as compared to conditions in which
the tone is presented before execution.

Predictions: Axial Pen Pressure
A third set of predictions relates to the assumption by Van Gemmert and Van Galen (in press)
that as a general stress coping mechanism the motor system reacts with an increase of limb
and body stiffness. The supposed beneficent effect of increased stiffness is the low-pass
filtering of movement signals such that movement continues to be goal-directed and precise,
even when neuro-motor noise in the system is enhanced (Van Galen & De Jong, 1995). In
graphical tasks, increased levels of limb stiffness will be manifested by higher levels of axial
pen pressure. This part of the theory leads to the general prediction that mental load and
physical stress both lead to increased levels of axial pen pressure. However, whereas the latter
adaptation is sufficient to reduce neuromotor noise for conditions without heavy processing,
when tasks demands are increased due to mental load other performance deteriorating
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adaptations will be necessary, like increased reaction time and movement time (see also the
specific predictions on reaction time and movement time).
When mental load and physical stress are combined it is predicted that their effects
will summate, and thus loud tones, which have to be encoded and discriminated, will result in
the highest levels of axial pen pressure.

Method

Subjects
Twelve female and ten male students, aged between 18 and 27, participated in the
experiment. For their participation, the subjects were paid. All subjects were right-handed
with normal hearing and normal or corrected-to-normal vision. The subjects were preliminary
to the experiment tested for their ability to discriminate between the two tone pitches used in
the experiment.

Task and apparatus
The main task was a graphical aiming task. In a typical trial, the subject had to draw, after the
appearance of a go-signal and as quickly as possible, a line from a constant starting position
to a round target area with a diameter of either 0.4 or 1.2 cm and at a distance of either 2 or 6
cm. The targets were located at a 45 degrees upward position such that the drawing
movement was realized by a movement of the hand around the wrist joint resulting in a dorsiflexion. The forearm of the subject was fixed to prevent movements around the elbow joint.
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Subjects drew lines with a normal ballpoint on an A4 paper form that was placed on a
digitizer tablet (Calcomp 9000). The digitizer tablet recorded position Χ, Y and the axial pen
pressure (Maarse, Janssen, & Dexel, 1988) by a built-in registration mechanism. The X- and
Y-position of the pen, as well as the axial pen force were all sampled with a frequency of 100
Hz, with a spatial accuracy of 0.025 cm and a temporal accuracy of the spatial position of
0.98 ms.

Procedure
During the experiment subjects were presented with visual information of the starting
position, target area, current pen position, and produced movement trajectory on a computer
display which was placed at eye-level at a distance of 80 cm in front of the subject (see Fig.
1). At the beginning of every trial the subject was required to bring the tip of the pen into the
starting area. After the pen retained a stable position within the starting area for a period that
varied between the 260 and 400 ms, the computer program (running on a VAX-station 3100)
controlling the experiment presented four black dots around the starting area and four black
dots around the target area with a diameter of 0.3 cm. These visual signals functioned as the
go-signal. The subject was instructed to draw immediately after the appearance of the gosignal a straight line ending in the target as quickly and as accurately as possible. After a 2.S
seconds registration period, the plus sign, representing the tip of the pen, transformed to an
arrow, indicating that the trial had ended. After a fixed period of 0.5 seconds the arrow
transformed to a plus again and a new trial began. The trial was rejected by the program if the
tip of the pen did not end in the target within 2 seconds, if the tip of the pen left the starting
area within 80 ms after the go-signal or if the reaction time was more than a second. The
program repeated that trial within the same block and the subject was informed why the trial
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The tones lasted for 80 ms with a rise and fall time of 2 ms. The frequency of the
tones varied between either 880 Hz or 1760 Hz, and loudness of the tones varied between
either 65 dB A or 95 dB A. The tones were generated by a Wavetek (model 184) connected to
an analog port (TD 80035). The analog port sent the signal to an amplifier (Sony F235R). A
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headphone (Sony MDR CD250) which was connected to the amplifier, transmitted the tones
to the subjects' ears.
Half of the subjects were asked to discriminate between the low 880 Hz tone and the
high 1760 Hz, which we call the memory-discrimination condition, the other half of the
subjects were asked to ignore the tones. The subjects in the memory-discrimination condition
were instructed to report after each trial if they had heard a high or low tone. The
experimenter recorded their responses.
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Figure 2. The structuring of events in a trial.

Experimental design
The experiment consisted of 48 blocks of 10 trials. Within a block, target width, target
distance and loudness were held constant, whereas tone scheduling (the phase of tone
occurrence) and tone frequency varied according to a quasi-random regime. For each of the
six tone presentation conditions (3 tone scheduling conditions χ 2 tone pitch conditions) 10
replications were used, so for every target width, target distance and tone loudness six blocks
of 10 trials were needed to complete all measurements. These six trial blocks were presented
to the subject in a quasi-random order that assured counterbalancing for order of presentation
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effects. Because there were 8 different combinations of target width, target distance and tone
pitch, in total every subject performed 8 * 60 = 480 experimental trials, which were run in
two series of 240 trials.
To serve comparison between the two memory-discrimination conditions 160 trials
without any tone ('no tone' trials) were presented in two separate series of 80 trials. These
160 trials were used to match the subjects for overall axial pen pressure values. Half of the
subjects started with a series of 80 'no tone' trials and ended with 80 'no tone' trials, the other
half of the subjects performed the control trials half-way the experiment. To become
acquainted to the tones, subjects of both experimental groups listened before the experiment
to both tones which were indicated as the high tone or as the low tone by the experimenter.
After the subjects were confident that they could hear the difference between the pitch of the
tones, subjects who were assigned to the memory-discrimination condition practised the
discrimination task without the aiming task. The subjects in the no load condition were also
exposed to the tones without the aiming task, but were asked to ignore the tones. To become
familiarized to the task, subjects were given an opportunity to practise with a selection of task
conditions until they felt confident about task requirements. Between the series, rest intervals
were interspersed to prevent fatigue.

Data analysis
For each condition, data records of trials 3-10 were used for further analysis. The task
replications were stored in a file with data records of the position of the pen on the X- and Yaxis of the tablet, and the axial pen pressure respectively, as a function of time. The onset and
offset of the movement was detected on the basis of a fixed criterion for absolute velocity,
being 5% of the top velocity and after low-pass filtering of the signal with a 16 Hz filter.
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Large differences of biomechanical force can occur between individuals. Therefore, to
serve statistical comparison between subjects and conditions, subjects of the experimental
and the control group were ranked on the criterion of their overall axial pen pressure during
the 'no tone' trials. Thereafter, subjects in the memory-discrimination condition were
matched each to a correspondently ranked subject in the no load condition.
For every subject, the means of the reaction time, the movement time and the axial
pen pressure over the 8 replications of every experimental condition were calculated and
entered into ANOVA's, according to a completely factorial design (11 matched pairs of
subjects χ 3 tone scheduling conditions χ 2 memory-discrimination conditions χ 2 tone
intensities χ 2 tone pitch conditions χ 2 target diameters χ 2 target distances) followed by
DUNCAN step down analysis if relevant.

Results

All effects were statistically examined using the ANOVA mean square of the interaction
between matched pairs of subjects (on axial pen pressure in the control condition) and the
particular effect as an error term (Keppel, 1991). To allow for comparisons between
experimental data and the control situation without tones, for both groups of subjects means
and standard deviations of the second half of the control trials were determined. For the group
of subjects who did the task without the discriminate and report instruction, overall reaction
time, movement time and axial pen pressure in these control measurements were 214 ms, 425
ms, and 1.15 N, respectively. For the other experimental group these values for the 'no tone'
condition were 247 ms, 490 ms, and 1.12 N, resp. The differences between the two groups
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were tested with t-tests. None of the differences were significant (t-values were 1.65, 1.17 ,
and 0.18, for the RT, MT and axial pen pressure comparison respectively), which allowed the
direct comparison of their performance in the experiment.
For none of the dependent variables tone pitch did exhibit a significant effect. Mean
reaction time was not affected by tone pitch condition (F(l,10) = 0.43, ρ > .10), nor was
movement time significantly affected by tone pitch condition (F(l,10) = 2.71, ρ > .10). For
the 880 Hz tone condition mean RT was 263 ms and for the 1760 Hz tone condition mean RT
was 261 ms. Mean MT averaged at S02 ms for the low 880 Hz tone and at 494 ms for the
high 1760 Hz tone pitch. Also, tone pitch did not reveal a significant main effect on axial pen
pressure (F(l,10) = 0.38, ρ > .10). Axial pen pressure averaged at 1.15 N for both tone pitch
levels. Apparently, and as intended, tone pitch was chosen such that it did not interfere with
the effects of the experimental variables under study.
It should be noted that the theory as stated predicts rather different patterns than
isolated effects. Consequently, rather interaction effects between mental load, physical stress
and task demands are expected to show significance than isolated main effects. Accordingly,
the reader will be referred in the text to higher order effects where appropriate.

Reaction time
A main effect of tone scheduling condition was found on reaction time (F(2,20) = 136.47, ρ <
.0001). Step down analysis showed that all tone scheduling conditions differed significantly
from each other. When a tone was scheduled in the foreperiod, reaction time (196 ms) was
faster than when a tone occurred during the reaction time phase (259 ms) and the latter
condition showed faster reaction times than the condition with the tone occurrence during the
execution phase (331 ms).
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Tone intensity level did not significantly affect reaction time (F < 1). Mean RT was
261 ms and 263 ms for 65 dBA and 95 dB A tones respectively. However, a significant
interaction was found between tone scheduling and tone intensity (F(2,20) = 3.86, ρ < .05
(see Fig. 3, it should be noted that this figure displays a three-way interaction). Apparently,
the interaction is due to a small RT decrease for the louder probes if they occur during the RT
phase and a RT increase when the same 95 dBA tones are presented during movement
execution.
Also, a main effect on reaction time was found for mental load (F(l,10) = 9.78, ρ <
.05). Mean RT was 220 ms for the no load condition and 304 ms when the pitch of the tones
had to be reported. The two effects are illustrated in Fig. 3 (the figure displays a three-way
interaction). The combined findings on scheduling effects, intensity and mental load, confirm
the prediction that short auditory probes have an activating effect on RT, in particular when
the probe is occurring during the foreperiod. However, when the probe stimulus is endowed
with a 'discriminate and memorise' instruction, overall RT is considerably prolonged. The
effect is expressed by the significant interaction between tone scheduling and mental load
(F(2,20) = 24.87, ρ < .0001). According to the predictions this prolongation effect is least for
the probes occurring in the foreperiod. The prolongation is even stronger for probes that
occur during the movement phase. Probably the latter effect is the combined effect of mental
load together with complete absence of a compensating activational effect.
As to the effects of the spatial demands of the graphic task, it appeared that the main
effect of target width was significant (F(l,10) = 9.46, ρ < .05). When the target width
increased from 0.4 cm to 1.2 cm (and therefore the accuracy demand decreased), reaction
time decreased from 268 ms to 257 ms. No significant main effect was found of target
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distance on reaction time (F(l,10) = 0.29, ρ > .10). Mean RT was 261 ms and 263 ms, for the
2 cm target distance and the 6 cm target distance, respectively.

429
«0
379

Мипап/ДжлШЕШвп cuncHiun. Hw Ini
— * — Notaad.MaBA
— · — Mortal bad, 95 OA
— · - — НокмпМВоВЛ
— · — M«nUbaJ.95d
[2
Contol

. 329
300
279
290

m
m

Fonoortod
Röteten Amo p h i M
Tone ichMMnQ condNon

E n c u t o n photo

Figure 3. Average reaction time as function of tone scheduling condition, memorydiscrimination, and tone intensity.

•
2cm
—*— 6cm
Tont Khoduono csndHon

Figure 4. Average reaction time as function of tone scheduling condition, and target distance.

A further significant interaction was found for tone scheduling conditions and target
distance (F(2,20) = 6.27, ρ < .01 (see Fig. 4). Step down analysis did reveal only small
deviations from the general pattern of activating effects of the tones. For the longer, 6 cm
distance, a tone occurring during movement initiation resulted in a decrease of RT. In line
with our theory, this could mean that the activating effect of a tone leads to impoverished
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signal-to-noise ratio's which in particular lead to a delay of the initiation of the longer, and
thus more difficult movement trajectory.
All other two-way interactions and higher order interactions failed to be significant on
a critical alpha of 5 percent.

Movement time
Tone scheduling caused a significant main effect on movement time (F(2,20) = 19.23, ρ <
.0001). Step down analysis showed that, as a general effect, movement time was significantly
shortened when the tone occurred during the execution phase. Mean movement time was 510
ms when the tone was presented during the foreperiod, 509 ms when the tone was presented
during the reaction phase and 476 ms when the tone occurred during the execution phase.
Because the effect was in particular related to the tones occurring during movement execution
and not during the two preceding phases the finding may be seen as confirming the
assumption that tones as such are transient phenomena and have their maximum activating
effect on movement execution if they concur with the execution phase of a task.
Movement time was not significantly affected by tone intensity (F(l,10) = 3.24, ρ >
. 10; mean MT averaged at 493 ms for the 65 dBA tone and at 503 ms for the 95 dBA tone).
Although huge in its overall extent, the effects of mental load on movement time were
highly differentiated by the different task conditions. Mean movement time in the unloaded
condition differed considerably from the memory-discrimination condition (mean movement
time for the unloaded and memory-discrimination condition averaged at 454 ms and 542 ms,
respectively). As a main effect, however, mental load did not reach significance (F(l,10) =
2.36, ρ > .10, but see Fig. 5 (displays a three-way interaction), and the paragraph section on
higher order interactions).
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As in accordance with the generally found effects of spatial demands in Fitts' tasks, it
appeared that the main effect of target width was highly significant (F(l,lfJ) = 104.70, ρ <
.0001). When the spatial accuracy demand increased as effect of a decrease of target width
1.2 cm to 0.4 cm, movement time increased as well from 456 ms to 541 ms. Also the main
effect of target distance was, as to be expected, highly significant (F(l,10) = 137.27, ρ <
.0001). Movement time increased from 404 ms to 592 ms for respectively the 2 cm target
distance and the 6 cm target distance.
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Figure 5. Average movement time as function of tone scheduling condition, memorydiscrimination, and tone intensity.

As already mentioned, as a main effect mental load was not significant for movement
time, but a third-order interaction of mental load with tone scheduling and target width was
found (F(2,20) = 4.15, ρ < .05). Step down analysis showed that the effect of a higher
accuracy demand (e.g. smaller target width) on movement time was exaggerated as an effect
of concurrent mental load (see Fig. 6 for which it should be noted that this figure displays a
four-way interaction). This finding is confirmative for the assumption made in the theory that
activating effects of probes may be cancelled by concurrent mental load effects, especially
when such mental load are encountered in tasks which are more demanding tasks themselves.
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Mental load interacted also with tone intensity, target width and target distance
(F(l,10) = 11.70, ρ < .01 (see Fig. 6)), and with tone scheduling, tone pitch and target width
(F(2,20) = 5.06, ρ < .05).
Finally, the sixth-order interaction, mental load, tone scheduling, tone intensity, tone
pitch, target width and target distance, showed a significant effect (F(2,20) = 5.65, ρ < .05).
The significant sixth-order effect was, like the other significant interactions on movement
time, the result of a higher spatial accuracy demand combined with the memorydiscrimination condition which outcome is in accordance with the theory (see Fig. 6 which
displays the four-way interaction between the two stressors and the two spatial demands). No
other higher order interactions reached significance.

Axial pen pressure
Tone scheduling as a general factor did not affect axial pen pressure significantly (F(2,20) =
1.16, ρ > .10) Axial pen pressure, for the three tone scheduling conditions, foreperiod.
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reaction phase, and execution phase, averaged at respectively, 1.14 N, 1.15 N, and 1.16 N, but
see the paragraph on the interaction with tone intensity and mental load.
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Figure 7. Average axial pen pressure as function of tone scheduling condition, memorydiscrimination, and tone intensity.

Tone intensity showed a marginal effect on axial pen pressure (F(l,10) = 4.06, ρ <
.10). Axial pen pressure was slightly lower for 65 dBA tone as compared to the 95 dB A tone
(respectively, 1.14 N and 1.17 N), which is in accordance with the assumption that higher
loudness levels cause higher levels of neuromotor noise which induce compensating stiffness
reactions during task execution (see Fig. 7 which displays a three-way interaction).
As to the biomechanica] effects of stress, the most relevant finding is that mental load
affected significantly axial pen pressure (F( 1,10) = 6.12, ρ < .05). Axial pen pressure
increased from 1.06 N for the unloaded condition, to 1.24 N for the pitch reporting memorydiscrimination condition.
None of the two spatial demands, target width and target distance showed a
significant main effect on axial pen pressure (for both spatial demands, i.e. target width, and
target distance, F < 1). Mean axial pen pressure level for both target widths was 1.15 (the
difference was less than 0.01 N between the two levels) and mean axial pen pressure levels
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averaged at 1.14 N for the 2 cm target distance as compared to 1.17 N for the 6 cm target
distance condition.
Target width interacted significantly with tone intensity (F(l,10) = 6.12, ρ < .05), but
Step down analysis showed that none of the combined groups differed significantly from each
other (see Fig. 8). Also, the third-order interaction of target width, with target distance and
tone pitch revealed a significant effect on axial pen pressure (F(l,10) = 6.78, ρ < .05), but
again none of the combined groups differed from each other.
An interesting although marginally significant interaction was manifest between
mental load, tone scheduling, and tone intensity (F(2,20) = 3.47, ρ < .10). Step down analysis
showed that tone intensity exaggerated the mental load effect as expressed by the already
elevated axial pen pressure as result of the memory-discrimination condition (see Fig. 7).
None of the other interactions were significant.
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Discussion

The primary aim of the present study was to determine effects of stress along the various
stages of a psychomotor task, and to test the applicability of the neuro-motor noise concept as
an explanatory concept for stress effects.
Based on the theory by Van Gemmert and Van Galen (in press), three sets of
predictions were derived. All sets of predictions were based on the central notion that
physical stress and mental load both share a common mechanism, which results in elevated
levels of neuro-motor noise in either conditions of stress.
Although not all sets of predictions were unequivocally verified, the greater part of
the predictions were confirmed by the results of this study. In the following paragraphs each
set of outcomes will be discussed separately.

Stress and reaction time
The first set of predictions was centred around the transient nature of the activating role of
auditory probes and its interactions with task difficulty and mental load. While low spatial
demands are hypothesised to profit most from activation, it is predicted that mental load will
obscure the activating gain of the probes, which will in tum be exaggerated by increased
spatial demands.
It was shown that movement initiation times were facilitated when a sound burst
occurs during the foreperiod stage, and reaction time phase were decreased intermediately
when the auditory probe occurs during the reaction time phase evidencing the prominent role
of an activation mechanism. The longest reaction times were found for conditions in which
the tone was presented during the execution phase. This was true for the subjects who
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performed the aiming task without a pitch reporting instruction as for the experimental group
who performed under concurrent discrimination and memory load. For the latter group,
activation was equally effective for tones presented during the foreperiod but when the probes
occurred during the execution phase RT was prolonged. An explanation in line with the
theory is that, in this condition, RT would not profit from activation by the probe whereas the
RT process is still contaminated by the discriminate and memorize process. A possible
alternative explanation of this finding may be that subjects tended to wait for the tone,
especially when they had to report on its pitch later on. However, this is not a likely strategy
because tone bursts were, in that condition, contingent upon movement initiation, and only
were presented 160 ms after the movement had started. Therefore, subjects whom would wait
for the tone burst would not start the aiming, and had to repeat the trial.
In contrast to the predictions, the intensity of the tones did not affect systematically
the pattern of the effects of the scheduling of the tones on reaction times. Although smaller
aiming targets increased processing time significantly, the expected interactions with mental
load and physical stress were not found. As expected, mental load did not modify activation
benefits of a tone presented during the foreperiod, but mental load obscured the tone
scheduling effect when the tone occurred during the reaction time phase. In summary, RTdata in the experiment confirm the accessory effect of short tone bursts. At the same time, the
experiment provides evidence that their activating effects may be cancelled, at least partially,
by cognitive stress effects.

Stress and movement time
The core of the second set of predictions was that, as a result of the activating component of
auditory stress, movement speed will increase. The activating effects on movement time are
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assumed to be maximal when a stressor is presented during the execution phase, while the
effects will be minimal when the stressor is presented during the foreperiod as result of a
decaying function of neuro-motor noise.
As was predicted, movement time was decreased if a tone was scheduled during the
execution phase of the aiming task, compared to the situation when a tone occurred during
the foreperiod or the reaction time phase. A sound burst during the foreperiod or during the
reaction time phase did not affect movement time differently. Mental load and increasing
spatial demands did both enhance movement time. Moreover, task complexity effects on
movement time were even exaggerated by mental load.

Stress and biomechanical adaptation
The third set of predictions was related to the assumption that, during movement execution,
stress will enhance neuro-motor noise in the system, which noise will invoke a biomechanical
filtering strategy through an overall increase of limb stiffness. This movement strategy will
result in an overall increased level of axial pen pressure during the execution phase of a
graphical task.
In the experiment, elevated levels of axial pen pressure were found for both of the
stress inducing conditions. The instruction to report on the tone pitch increased axial pen
pressure by 17.0 % whereas increasing the loudness of the tones effectuated a 2.5 % increase.
The loudness effect was a statistically marginal effect.
Although the most vital predictions derived from the proposed theory were confirmed
by this study, some predictions were not supported. In general, loud tones resulted in less
distinctive effects on both reaction time and movement time than expected from the theory.
Probably, the information processing system is more resistant to physical stressors than to
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mental stress (Van Gemmert & Van Galen, 1994). Future experiments should manipulate
tone intensity more extensively by conducting perhaps more extreme levels of loudness. Only
movement time showed the predicted interaction between stressors and spatial demands for
the three stages but the predicted interaction effects between stressors and spatial demands on
reaction time were not found. Probably, the complexity of the aiming task was not difficult
enough to be affected by stress during the preparatory state.

Explanatory value ofneuro-motor noise
The more traditional resource theories of stress (Wickens, 1984; 1992; Kahneman, 1973) can
explain increase of reaction time and movement time being effects of resource competition
between task demands and mental load, but these theories are unable to clarify movement
time decrease outcomes as a result of tone scheduling. Activation models, on the other hand,
do have difficulties to account for increased reaction times in combination with decreased
movement times as effect of tone scheduling. According to these unidimensional models the
system does not cope actively with stress during task execution. The biomechanical
adaptation assumption of our theory does allow for such stress reducing strategies.
More effective are theories which do account for a mechanism which can cope with
variate effects of stress (Broadbent, 1971; Eysenck, 1984). Broadbent (1971) developed such
a theory. According to his theory, the human information system can compensate for
unsatisfactory levels of arousal. Although this theory can account for found increased
reaction times due to mental load it does have problems to explain different patterns as effect
of the scheduling of tones. Moreover, the present experiment showed that rather the
scheduling of the tones affected reaction time and movement time than the intensity of the
tone solely which would be expected by an arousal oriented view.
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In contrast to the former theory does the stress model of Sanders (1983) account for
effects of the scheduling of the tone. Sanders theory resolves the found difference of reaction
time for tones presented at different phases, but his theory does not predict effects on
movement times or on axial pen pressure. Although the latter theory does not pretend to
explain effects on dependent measures beyond the reaction time, this theory can explain
decreased movement times post hoc by an activational gain of the auditory probes. This
explanation could encompass decreased movement times in combination with facilitated
reaction times, but can not explain bipolar effects on movement initiation times and
movement speed at the same time.
In summary, former theories accounting for effects of stress on human performance
do not consider the biomechanical properties of the system during psychomotor tasks. The
general advantage of the theory defended in the present article, and by Van Gemmert and Van
Galen (in press) is that they do incorporate biomechanical properties of the motor system
together with information processes in the human psychomotor

system. Moreover, the

authors merge the transient nature of biophysical events with knowledge of the structural
architecture of the human brain, which integration is possibly considered to be more
ecological acceptable (Van Galen & De Jong, 1995; Van Soest & Van Galen, 1995).
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Chapter 5
Power Spectral Density Analysis of the Velocity Signal as a
Possible Means to Measure Stress Effects1

Arend W. A. Van Gemmert and Gerard P. Van Galen

Following a procedure proposed by Van Galen, Van Doorn, and Schomaker (1990), the
present article pursues the analysis of the frequency components of the velocity signal of
graphic aiming movements to test the theory that stress effects of various kind are all
manifested by enhanced levels of limb stiffness. The procedure is a special form of power
spectral density analysis, which provides an estimate of the energy reflecting noise related
frequency components of the movement velocity signal. According to the theory, it is
expected that mental and physical stress lead to an enhanced level of limb stiffness which is
exhibited by a relative shift of energy towards the higher bands of the spectrum. The theory
was tested in an analysis of the data of an experiment on graphical aiming under conditions
of auditory tone discrimination (chapter 4 of this thesis). The general outcome of this
secondary analysis was that stress of various kind results in a change of the form of the
power spectrum according to the enhanced stiffness assumption.

The study of human performance has been dominated by mental chronometricity since the
early days of Wundt and Donders (Donders, 1868; Posner, 1978). Basically, mental
'Van Gemmert, A. W. Α., & Van Galen, G. P. (in preparation). Power spectral
density analysis of the velocity signal as a possible means to measure stress effects.
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chronometricity is based on the assumption that mental processes take time and that the
decomposition of reaction time duration provides clues to the discrimination between
component mental processes and their modularity (Sternberg, 1969). It cannot be denied that
the measurement of Chronometrie measures, like reaction time and movement time has been
fruitful in the search for the constituents of mental processes, although the method definitively
has its limitations especially when simultaneous or continuous aspects of information
processing tasks are considered (Mulder & Van Galen, 1995; Mulder, Sanders & Van Galen,
1995).
For research into spatial tasks, Chronometrie measures have been especially successful
in formulating laws for the relation between speed and accuracy (Fitts, 1954; Schmidt,
Zelaznik, Hawkins, Frank & Quinn, 1979). However, Chronometrie measures alone have been
less prosperous in understanding the effects of stress on human performance (Smith, 1989;
Domic, 1990; Van Gemmert & Van Galen, In press). It is a well documented fact now that
enhanced level of mental or physical stress may lead to increases or decreases of processing
times whereas error scores either covary or decrease or increase. Therefore, in Van Gemmert
and Van Galen (In press; 1994) it was concluded that many studies that considered
Chronometrie measures of performance only, showed contradictory results on data in relation
to stress. For example, Hockey (1970) showed that auditory noise increased selectivity, while
Smith and Broadbent (1982) did not find support for this selectivity phenomenon in one of
their two experiments. Smith (1982) concluded that subjects could adapt to tasks by allocating
effort when stress is increased. A first and preliminary conclusion from the literature is that
Chronometrie measures of processing times should be complemented by estimates of state
variables such as arousal, activation, and by considering strategic principles such as effort and
coping (Sanders, 1983).
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In a recent study on the effects of two different stressors on performance in graphical
tasks, an alternative measure was proven to be successful to unravel the effects stress (Van
Gemmert & Van Galen, In press). Whereas this study confirmed the often reported contrasting
effects on reaction time and movement time, at the same time all four experiments exhibited a
monotonous increase of axial pen pressure as an effect of mental as well as of physical stress.
The latter result was explained as evidence for the theory developed by Van Galen, Van Doom
and Schomaker (1990) that states that information processing loads are reflected by
biomechanical responses of the psychomotor system. A central role in this theory, in the
mediation of stress effects on performance is attributed to the concept of neuro-motor noise. In
this concept, neuro-motor noise is a generic term for noisy recruitment of motor units by the
brain, grouped activity of motor units as result of synchronization processes and filtering due
to characteristics of muscle tissue, physiological tremor, stretch reflexes, mechanical
oscillations due to the springlike properties of the limbs, and correction servos from feedback
processing (cf. Van Galen & Schomaker, 1992). The authors assumed that the regulation of
limb and muscle stiffness plays a role in filtering neuro-motor noise in the motor system
towards optimal levels for current accuracy demands (Van Galen & Schomaker, 1992). Van
Gemmert and Van Galen (In press) applied the latter theory to understand effects of cognitive
and physical stress on psychomotor performance. The latter authors proposed that stress,
whatever its type, elevates the level of neuro-motor noise in the system which deteriorates the
signal-to-noise ratio. Furthermore, Van Gemmert and Van Galen (In press) assumed that
increased noise in the motor system is filtered by constraining the limb (cf. Van Galen &
Schomaker, 1992) through the application of tonic co-contraction of agonist and antagonist
muscles, and/or by enhanced levels of friction with the work environment. In the graphical
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tasks studied in their experiments, this effect is manifested by increased levels of axial pen
pressure throughout all four combinations of stress and task load.
The neuro-motor noise concept is based on the notion that human movements are built
up out of various component force pulses each with their own frequency and energy
characteristics, such as agonist and antagonist force bursts, correction servos, and
physiological tremor. Van Galen, Van Doom, and Schomaker (1990) applied a special variant
of spectral density analysis to estimate the relative contribution of especially the noise related
components to the evolution of the movement velocity signal. The method is based on the
calculation of a residual movement signal by subtracting, from each recorded movement
signal, the average movement signal for the particular task condition. The frequency spectrum
of the residual movement signal was assumed to stand for noise related components of the
movement signal such as physiological tremor, motor unit recruitment noise, mechanical
oscillations and feedback loops. It was further assumed that the form of the relative power
spectrum (i.e. the distribution of energy across the frequency spectrum expressed as a
percentage of energy in the absolute power spectrum) would be influenced by biomechanical
adaptations by the subject. Enhanced levels of limb stiffness will lead to a biomechanical
filtering effect that results in suppression of lower frequencies while at the same time higher
frequencies increase their energy. The effect is demonstrated in a biomechanical simulation of
goal directed movements by Van Galen and Schomaker (1992) and by Van Galen and De Jong
(1995). In the latter study it was proven that endpoint accuracy increased as the result of
increasing stiffness through co-contraction. Therefore this study confirmed that residual
movement noise was reduced for accurate movements, which implies that neuro-motor noise
was filtered out. Applying these ideas to a theory of stress, it is stated that increased levels of
task stress evokes higher levels of limb stiffness, which, in terms of the above mentioned
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power spectral density analysis of the movement signal, is accompanied by enhanced levels of
energy in the higher frequency bands and a suppression of power in the lower frequency
bands.
In summary, in the present study the applicability of power spectral density analysis of
the residual movement signal is tested as a measure for mental load and physical stress. An
additional endeavour of this study is to provide insight into the time course of neuro-motor
noise during the different stages of a motor task. To this end, a power spectral density analysis
is performed on the velocity data of an experiment for which chronometrical and axial pen
pressure data were already presented in chapter 4 of this thesis. The nature of the experiment
is a dual-task, with graphic aiming as the primary task and auditory tone discrimination as the
secondary task. A further special feature of the experiment is that the tones that are to be
discriminated for pitch in the mentally loaded condition, are precisely scheduled according to
the three consecutive stages of the graphical aiming task, i.e. the foreperiod, the reaction time
phase and the execution phase. Mental load is introduced by the tone discrimination task
already mentioned of high (1760 Hz) versus low (880 Hz) tone pitches. The physical stress
component is operationalised by varying the loudness of these tone bursts.

Predictions
The general prediction to be tested is that both variations of stress (tone discrimination load
versus tone loudness) will be manifested by a change of the form of the power spectral density
function of movement noise. More specifically, it is predicted that the relative energy in the
higher frequency bands of the noise spectrum will be enhanced while at the lower end of the
relative power function power scores will be reduced.
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A second prediction is that, due to the transient nature of the activating effect of tone
bursts, the pattern of relative power across the spectrum will change as an effect of the
scheduling of the tone. A tone presented during the execution phase is predicted to tense the
limb more than a tone presented during the foreperiod or the reaction time phase.
The method section of the experiment is highly similar to the method section of
chapter 4. However, to allow independent reading of the chapters and to highlight the specific
features of the power spectral analysis technique, in the following section the description of
the method of the experiment will be partly repeated.

Method

Subjects
Twelve female and ten male students, aged between 18 and 27, participated in the experiment.
For their participation, the subjects were paid. All subjects were right-handed with normal
hearing and normal or corrected-to-normal vision.

Task and apparatus
The main task was a graphical aiming task. In a typical trial, the subject had to draw, as
quickly as possible, after the appearance of a visually presented go-signal, a line from a
constant starting position to a round target area with a diameter of either 0.4 or 1.2 cm and at a
distance of either 2 or 6 cm. The targets were located to the right, at a 45 degrees upward
position such that the drawing movement was realized by a movement of the hand around the
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wrist joint resulting in a dorsi-flexion. The forearm of the participant was fixed to prevent
movements around the elbow joint.
Subjects drew lines with a normal ballpoint on an A4 paper form that was placed on a
digitizer tablet (Calcomp 9000). The digitizer tablet recorded the X- and Y-position of the tip
of the pen with a frequency of 100 Hz, with a spatial accuracy of 0.025 cm and a temporal
accuracy of 0.98 ms.

Procedure
During the experiment subjects were presented with visual information of starting position,
target area, current pen position, and produced movement trajectory on a computer display
which was placed at eye-level at a distance of 80 cm in front of the subject (see Figure 1). At
the beginning of every trial the subject was required to bring the tip of the pen into the starting
area. After the pen retained a stable position within the starting area for a period that varied
between the 260 and 400 ms the computer program (running on a VAX-station 3100)
controlling the experiment presented four black dots, with each a diameter of 0.3 cm, around
the starting area and four black dots around the target area. These visual signals functioned as
the go-signal. The subject was instructed to draw immediately after the appearance of the gosignal a straight line ending in the target as quickly and as accurately as possible. After a 2.5
seconds registration period, a plus sign, representing the tip of the pen, transformed into an
arrow, indicating that the trial had ended. After a fixed period of 0.5 seconds the arrow
transformed to a plus again and a new trial began.
Subjects were exposed to one auditory tone during each trial of the experiment. This
tone could occur during any of the three phases of a trial, i.e, respectively, during the
foreperiod (180 ms after the pen tip occupied a stable position within the starting area), during
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The tones lasted 80 ms with a rise and fall time of 2 ms. The frequencies of the tones
were either 880 Hz or 1760 Hz, and loudness was either 65 dB A or 95 dB A. The tones were
generated by a Wavetek (model 184) connected to an analog port (TD 80035). The analog port
sent the signal to an amplifier (Sony F235R). A headphone (Sony MDR CD250) which was
connected to the amplifier transmitted the tones to the subject's ears.
Half of the subjects were asked to discriminate between the low 880 Hz tone and the
high 1760 Hz, which we call the tone-discrimination condition, the other half of the subjects
were asked to ignore the tones. The subjects in the tone-discrimination condition were
instructed to report after each trial whether they had heard a high or low tone. The
experimenter recorded their response.
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Figure 2. The structure of a trial.

Experimental design
The experiment consisted of 48 blocks of 10 trials. Within a block, target width, target
distance and loudness were held constant, whereas the phase of tone occurrence and tone
frequency varied according to a quasi-random regime. For each of the six tone discriminating
conditions (3 tone occurrence conditions χ 2 tone pitch conditions) 10 replications were used,
so that six blocks of 10 trials resulted, each with the same target width, target distance and
tone loudness proceed from this method. All 60 trials of these six trial blocks were presented
to the subject in a quasi-random order that assured counterbalancing for order of presentation
effects. In total every subject performed 480 experimental trials in two series of 240 trials.
Half of the subjects started with a series of 80 trials without any tone and ended with
80 trials without any tone, the other half of the subjects performed the control trials halfway
the experiment. To become acquainted to the tones, subjects of both experimental groups
listened before the experiment to both tones which were labelled as the high tone or as the
low tone by the experimenter. After the subjects were confident that they could hear the pitch
difference, subjects who were assigned to the tone-discrimination condition practised the
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discrimination task without the aiming task. The subjects in the no load condition were also
exposed to the tones without the aiming task, but were asked to ignore the tones. To become
familiarized to the task, subjects were given an opportunity to practise with a selection of task
conditions until they felt confident about the task requirements. Between the series rest
intervals were interspersed to prevent fatigue.

Data analysis
For each condition, data records of trials 3-10 were used for further analysis. The task
replications were stored in a file with data records of the position of the pen on the X and Y
axis of the tablet respectively, as a function of time. The onset and offset of movement was
detected on the basis of a fixed criterion for absolute velocity, being 5% of the peak velocity,
and after low-pass filtering of the signal with a 16 Hz filter. Spectral density functions of the
velocity of the signal were calculated using the unfiltered signal. Because spectral density
power analysis is based on the assumption that the total variance of a signal is composed of
the sum of variances of an infinite number of sinusoidal components, Fourier analysis may be
applied to estimate the relative contribution of a finite set of frequency bands to the total
power within a signal. In the present study, for each subject and for each experimental
condition, an average deviation spectrum (power spectrum of the residual movement), as
explained in the introduction section, was calculated to estimate relative movement noise in
the consecutive bands of the spectrum. The absolute power score in each frequency band was
converted to a relative power score, in order to make it possible to compare power spectra
derived from movements with different movement times because a higher movement velocity
profiles results in higher absolute power scores. Grand ANOVAs were performed on the
relative spectral density data for each of the two directions of the velocity profile (movement
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along the direction of the goal trajectory (here designated as Y-direction), and movement
orthogonal to this direction (here designated as X-direction). In these grand ANOVAs,
independent variables were tone discrimination condition (non loaded 'ignore' condition
versus the mentally loaded 'discrimination' condition), tone intensity (65 dBA versus 95
dB A), tone scheduling (foreperiod, reaction time phase, and execution phase), bandwidth (16
subranges of 3 Hz bandwidth of the power spectral density function) and subjects (22) as
experimental variables. When a particular experimental variable disclosed a significant
interaction with bandwidth, the data for each of the consecutive frequency bands were
subjected to separate ANOVA's, according to the factorial design with 22 subjects, two tone
discrimination conditions (between subjects), three tone scheduling conditions, and two tone
intensities.
All effects were statistically examined using the ANOVA mean square of the
interaction between subjects and the particular effect as an error term, except for the tone
discrimination conditions in which the ANOVA mean square of subjects was used as an error
term(Keppel, 1991).

Results

In the results section the data for both movement directions are given side by side. It should be
realized, however, that the Y-dimension stands for the 45° movement direction towards the
target area and thus is representative for the force pulses driving the limb towards the goal.
The Y-dimension is the dimension containing the most overall energy. The X-dimension is
representing all movement energy in a direction orthogonal to the direction towards the target
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area, and it may thus be seen as representing correction servos towards the target trajectory
and their associated movement noise. The general form of the power spectrum is highly
similar to noise spectra presented in the earlier studies mentioned above. This applied to the
X-dimension as well. The main effect of bandwidth was highly significant for both movement
directions (for the X-direction, and the Y-direction F(15, 315) = 228.77, ρ < .0001, and
F(15,315) = 205.85, ρ < .0001, respectively). The DUNCAN step down analysis on the
differences between the adjacent levels of the band width variable for the X-direction revealed
that the successive subranges up to 34 Hz differed significantly from each other. Up to 25 Hz
the same pattern as for the X-direction was found for the Y-direction.
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Figure 3. Relative power in the Y-direction as a function of tone discrimination, and
bandwidth.

To test whether the form of the relative power spectrum was affected by either mental
load (tone discrimination) or by physical load, the second and third order interactions between
tone discrimination and bandwidth, and between tone discrimination, bandwidth and tone
scheduling are relevant. In Figures 3 and 4 it can be seen that for the effect of tone
discrimination the change of the form of the noise spectrum is in accordance with the theory.
For the Y-dimension (Figure 3) as well as for the X-dimension (Figure 4) the loaded
condition, i.e. when subjects have to report on the pitch of the tone after an aiming movement,
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energy is suppressed in the lower bands (2.5 Hz, 5.5 Hz, and 8.5 Hz) whereas it is enhanced
from the 11.5 Hz band onwards the end of the spectrum. Notwithstanding the persistence of
the effect for the full range of the spectrum it was statistically not significant. The second
order interactions between tone discrimination and bandwidth did not reach significance for
both movement directions (for the X-direction F(15, 315) = 1.27, ρ > .10, and for the Ydirection F(15, 315) < 1). Probably this was because of the high variance between subjects due
to the chosen between-subjects design of the experiment. The third order interaction of tone
discrimination with bandwidth and tone scheduling was marginally significant for the Xdirection (F(30, 630) = 1.37, ρ < .10). The meaning of the latter interaction is to be seen in
figure 5. It appears that the load related decrease of energy in the lower bands and the
corresponding increase in the higher bands is somewhat more expressed for tones occurring
during the execution phase. Although the statistical significance is marginal, the form of the
spectrum confirms the transient nature of the effect of tone bursts.

Frequency band

Figure 4. Relative power in the X-direction as a function of tone discrimination, and
bandwidth.
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Figure 5. Relative power in the X-direction as a function of tone scheduling, tone
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bands in which interaction between tone scheduling, and tone discrimination reached the .10
or .05 level of significance, respectively).
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Figure 6. Relative power in the Y-direction as a function of tone scheduling, and bandwidth
(Single, double, and triplet asterisks above the bars indicate frequency bands in which the tone
scheduling variable reached the .10, .05 or .01 level of significance, respectively).

Tone scheduling showed a significant interaction with bandwidth for both movement
directions (F(30, 630) = 2.44, ρ < .0001 for the X-direction and F(30, 630) = 9.73, ρ < .0001
for the Y-direction). The effects are illustrated in Figure 6 (Y-direction) and Figure 7 Co
direction). The change of the form of the spectrum in both these figures is in accordance with
the second prediction that effects of tone bursts are transient effects which have their maximal
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biomechanical impact when they are applied during movement execution. Asterisks in figures
6 and 7 indicate that the predicted effect of tone scheduling on the form of the spectral density
function is statistically reliable at the lower and at the higher end of the spectrum.

Frequency band (Hz)

Figure 7. Relative power in the X-direction as function of tone scheduling, and bandwidth
(Double, and triplet asterisks above the bars indicate frequency bands in which the tone
scheduling variable reached the .05 or .01 level of significance, respectively).

Tone scheduling also interacted significantly with tone intensity and bandwidth for the
Y-direction (F(30, 630) = 2.47, ρ < .0001), and marginally for the X-direction (F(30, 630) =
1.41, ρ < .10). The meaning of the latter interaction is to be seen in figures 8 and 9. For the Ydirection, Figure 8 shows that the filtering effect is stronger for louder tones and is more
effective for tones presented during movement execution. In the figure, asterisks indicate for
which bands the effect became significant in the planned ANOVAs on the data from separate
bands. Figure 9 demonstrates the same changes of the form of the spectrum as a function of
loudness and scheduling of the tones. However, for the X-dimension planned ANOVAs for the
separate bands did not disclose significant differences. It should be remembered that the total
energy in the X-dimension is considerably less than in the bands representing the Ydimension.
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Figure 8. Relative power in the Y-direction as a function of tone scheduling, tone intensity,
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significance, respectively).
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Figure 9. Relative power in the X-direction as a function of tone scheduling, tone intensity,
and bandwidth.

Although tone intensity did interact with tone scheduling and bandwidth in both
movement directions, tone intensity did not reveal the predicted two-way interaction with
bandwidth (for the Y-dimension, F(15, 315) = 1.41, ρ > .10; and for X-dimension, F(15, 315)
= 1.15, ρ > .10). The effect of tone intensity is probably obscured by the tone scheduling
effect. Evidence for the latter proposal can be derived from figures 8 and 9. The tone intensity
effect of tone bursts during the execution phase exhibited the predicted pattern of reduced
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relative power at the lower end of the spectrum, and increased relative power in the higher
frequency bands.

Discussion

The aim of this study was to test the applicability of power spectral density analysis (PSDA)
of the velocity signal to measure stress effects. Stress effects are predicted to result in
increased levels of neuro-motor noise leading to inaccurate performance (Van Gemmert &
Van Galen, in press), and this noise is hypothesised to be reduced by a filtering mechanism of
stiffening the limb (Van Galen & Schomaker, 1992; Van Galen & De Jong, 1995).
Two predictions were derived from the theory developed by Van Gemmert and Van
Galen (in press). Although not all of the prediction were completely supported statistically by
the data, visual inspection of the form of the power spectral density functions showed
unequivocal support for both predictions (see Figures 3, 4, 6, 7, 8 and 9). The first prediction
was related to the effect of stress as induced by the tone discrimination task, and tone
intensity. In the Figures 3 and 4 it may be seen that for both movement directions the
predicted pattern was verified for tone discrimination. Under the mental load condition low
frequencies were suppressed, while higher frequencies were enhanced. The failure to find
statistical evidence for this phenomenon may be sought in the differences between the natural
noisiness of the velocity profile of the participants. The overall noisiness of a movement is
constrained by individual restrictions of muscles, bones, and the proficiency to adapt to these
biomechanical limitations, in different situations. In fact, large differences between the
capability to adapt to the biomechanical restrictions can be used as a diagnosticai tool to
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distinguish between dysgraphic and non-dysgraphic children (Smits-Engelsman & Van Galen,
1994). Given considerations, it is not difficult to explain, in hindsight, that effects of mental
load failed to be significant due to the probable large variations of biomechanica! set up of the
motor system of individuals. Therefore, in future research it is recommended to make use of
within-subject designs.
The predicted stress effect of loud tones was also not verified. Tone intensity did not
alter significantly the pattern of the PSDA. In this perspective, it should be mentioned that
when a tone was scheduled during the execution phase the predicted pattern was found. In the
figures 8 and 9, it is shown that power scores for the lower frequency bands were reduced, and
relative power scores were elevated at the higher end of the spectrum. Therefore it is
concluded that the failure to find significant effects of tone intensity is the result of the more
pronounced effects of tone scheduling. These effects may have eclipsed the relatively small
effect of tone intensity.
The latter effect of tone scheduling is the topic of our last prediction. It was
hypothesised that a tone presented during the execution phase disturbs the system more than a
tone occurring during the foreperiod, because of the transient nature of neuro-motor noise.
This hypothesis was statistically verified by the data. As compared to the condition when a
tone was preset during the foreperiod, it appeared that if a tone was scheduled during the
execution phase, the energy in the higher frequency bands was elevated and power in the
lower frequencies was diminished. This effect of a tone scheduled during the execution phase
was exacerbated by loud tone bursts, as already mentioned above, affecting both relative
power spectral density curves. The loaded discrimination condition also amplified the
predicted effect on the relative power spectral density scores as effect of tone scheduling for
the movement in the X-direction.
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In summary, dependent measures that reflect dynamic features of the movement
apparatus seem to be promising techniques in the search for mechanisms involved in human
subjects coping with stress. A likely candidate is Power Spectral Density Analysis (PSDA).
The use of the PSDA-technique has already been demonstrated to be successful as an
diagnosticai tool (Van Galen, Portier, Smits-Engelsman & Schomaker, 1993; SmitsEngelsman & Van Galen, 1994), as an additional instrument to discriminate between forged
handwriting and normal handwriting (Van Galen & Van Gemmert, 1996; Van Gemmert &
Van Galen, 1996), and as a medium to exhibit motor complexity effects (Van Galen, Van
Doom & Schomaker, 1990; Van Galen & Schomaker, 1992). The use of PSDA measures has
also been proven successful to disclose effects of mental load in a within-subjects design.
Probably, the between-subjects design was a serious limitation of the present experiment.
Therefore, for future studies it is recommended to use a within-subjects design to explore
effects of stress, because these effects are relatively small in comparison to the large variation
of biomechanical constraints of individuals within a group.
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Chapter 6
Dynamic Features of Mimicking Another Person's Writing and
Signature'

Arend W. A. Van Gemmert and Gerard P. Van Galen

In the present study, imitating another person's script is studied from a psychomotor point of
view It is argued that mimicking another person's handwriting can be seen as an increased
perceptual and motor load upon the processing of an overlearned skill as writing Existing
knowledge from the literature on stress and graphic behaviour may enrich the development
of a general theory on handwriting forgeries Studies on stress showed that especially
kinematic and dynamic parameters of the graphic product change under stress conditions In
the theory we propose psychomotor knowledge is combined with forensic data which
demonstrated that subjects, when forging another person's handwriting, concentrated on
spatial features of the model The theory holds that in a forging situation subjects lean more
heavily upon visual control and apply higher degrees of limb stiffness, because of the
demanding nature of the task It predicts that imitated script would be different from its
model especially in the dynamic domain leading to longer reaction times, longer movement
times, more dysfluent movement trajectones and higher degrees of limb stiffness In an
experiment, ten subjects simulated as closely as possible signatures, sentences and separate
words written by a model The writing tasks were recorded with the help of a digitizer

'Van Gemmert, A. W. Α., & Van Galen, G. P. (1996). Dynamic features of
mimicking another person's writing and signature. In Simner, M. L., Leedham, C. G.,
& Thomassen, A. J. W. M. (Eds.), Handwriting and drawing research: Basic and applied
issues (pp. 459-471). Amsterdam: IOS Press.
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tablet. Kinematic characteristics of the mimicked script were derived from the
displacements of the tip of the pen and were compared to the kinematic features of the script
of the model writer. The results showed a trend towards prolonged reaction times,
significant increased movement times, significantly more dysfluencies, and power spectral
density functions of the velocity signal that corroborated the view of the higher degree of
limb stiffness during the simulation task. The results are discussed as to their possible
usefulness in the forensic practice.

The study of psychomotor features of mimicking another person's handwriting is of possible
interest from the psychological as well as from a forensic point of view. Although 'in
criminological practice', verification of the authenticity of handwriting mostly is based on offline procedures, on-line procedures can be promising in the hunt for better methods to
discover fraud. Especially, recent advances in the recovery of dynamic properties of
handwriting in off-line procedures (Boccignone, Chianese, Cordelia & Marcelli, 1993) are
relevant to the use of knowledge of psychomotor properties to approve handwriting
authenticity. In the forensic literature, many individual cases are reported of claimed
authentic documents which upon closer examination were discovered as forged manuscripts.
In general, these studies make use of known linguistic, lexical and graphical attributes of
other, ascertain documents of the to be claimed author (Harrison, 1966; Osborn, 1978; Hilton,
1982). In spite of these successes one should take in consideration that stylistic aspects can
only be used by document examiners if enough material is available to analyse the stylistic
attributes of the alleged creator. This latter necessity can be difficult to comply with, since
forensic examiners are more often confronted with short and/or isolated pieces of writing.
Therefore psychomotor insights may be of importance for the practice of the document
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examiner. In the field of the arts, existing knowledge of graphomotor and physical
dimensions are profitably used to attribute authorship of paintings, novels and poems (Cole,
1995; Hardy, Ter Kuile-Haller & Froentjes, 1995). Nevertheless, more research needs to be
done to broaden our understanding of these properties, since not always the ascribed
authorship was undisputable. Also the conclusion that dynamic signature verification
performed better than static procedures (Plamondon & Lorette, 1989) is an encouraging
condition for studying the dynamic features of signature writing and handwriting proper. This
article is aimed to enhance insights into graphomotor features of deceitful pieces of
handwriting, which as we hope to demonstrate can contribute to more reliable procedures for
the discovery of fraudulent handwriting.
Handwriting is the outcome of cognitive, psychomotor and biomechanica! processes
which is an overleamed and frequently used skill (Van Galen, 1990; 1991). Especially a
person's autograph is used more and more often nowadays in daily life situations (Lam &
Kamins, 1989). These graphic products are only globally monitored by visual guidance
(Smyth & Silvers, 1987; Van Galen, Teulings & Sanders, 1994). Authentic writing is
produced in a open-loop mode, which can be characterized by individual strokes produced at
a rate of 3-6 strokes per seconds with a typical bell-shaped velocity pattern. In contrast,
mimicked writing will be produced in a closed loop mode, because the forger is heavily
dependent on the monitoring of the spatial properties of the to be simulated script (Leung,
Cheng, Fung & Poon, 1993). These presuppositions implicate that simulations will less differ
from their originals as to their spatial features than on dynamic dimensions.
к

Another assumed difference between mimicked script and authentic script is that the
first task is more demanding and stressful than the latter task (Hilton, 1982). In natural
handwriting, task demands have repeatedly been shown to be effective in changing the
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kinematic and biomechanical parameters of the graphomotor process (Van Galen, 1991; Van
Galen, Van Doom & Schomaker, 1990). A further clue to this conclusion can be drawn from
a research into the attentional effects on handwriting (Brown & Donnenwirth, 1990). The
latter study showed that writing speed decreased as an effect of language familiarity. In a
different context, Keinan and Eilat-Greenberg (1993) demonstrated the applicability of
handwriting as a diagnosticai tool to measure stress. In particular they showed that high stress
levels affected pen-pressure significantly. Other recent studies on the effects of stress on
graphomotor dynamics showed that biomechanical adaptations are made under cognitive as
well as physical stress (Van Gemmert & Van Galen, 1994; 1995). The biomechanical
adaptations consisted of higher degrees of pen pressure which was interpreted as a strategic
application of an overall higher degree of limb stiffness. The measurement of limb stiffness in
these studies was based upon an analysis of the frequency components of the velocity signal
of the recorded writing tasks. The basic assumption underlying to this method is that a
movement as effectuated in pen displacements during writing are the combined result of the
initial intended movement, of correction servos, feedback mechanisms, and neuromotor
recruitment noise and physical tremors (Van Galen et al., 1990). In the present experiment the
different noise and feedback contributions to the final movement are estimated through the
calculation of the deviation spectrum which is derived from Power Spectral Density Function
of the velocity signal of the movement proper. The deviation spectrum is derived by
calculating the deviation between the mean movement profile of a task and the individual
recorded movement of each replication of that particular task. The method results in a
spectral density function that is representative of especially the noise components of the
velocity pattern in a specific condition. The method is presented in more detail in a recent
study on the role of the noise filtering properties of limb stiffness as a explanatory ground to
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Fitts' law (Van Galen and Schomaker, 1992; Van Galen & De Jong, 1995). Our previous
research indicated that stress leads to a decrease of energy related to the lower frequencies of
the noise spectrum whereas at the same time the relative energy related to higher bands was
increased (Van Gemmert & Van Galen, 1994). This finding is illustrative for a more damped
movement production as effect of higher degrees of limb stiffness during stressful conditions.
This interpretation is exemplified by the common observation that people under stress tend to
expose higher degrees of postural and facial stiffness.
As already mentioned, recent research into the distinct properties of imitated and
genuine handwriting contributed to the conclusion that forgers did not copy dynamic
characteristics of the prototype in freehand simulation but focused on eye-catching, spatial
features of their products (Leung et al., 1993). The tendency of forgers to concentrate on the
spatial characteristics could direct imposters to use tracing. A recent and related study about
attributes of imitating handwriting by tracing showed that although details were neglected,
the static products of the simulations were highly similar with their models (Leung, Fung,
Cheng & Poon, 1993). Apart from the omitted details, the latter study also demonstrated that
single strokes of traced signatures in comparison to their models were produced at a much
slower pace, and with many hesitations and interruptions.
The purpose of this article is to combine existing knowledge about the performance of
graphic tasks under stressful conditions with knowledge gained by the present experiment to
develop further a more general theory of handwriting fraud. A further goal of the present
article is to demonstrate the applicability of on-line recording methods developed for the
study of graphic performance in a forensic experiment. It should be said, however that we are
aware of the fact that document examiners will often acquire only static samples of
questioned script. Possibly, future technological developments will make it feasible to
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recover dynamical features of script from static writing trajectories (Boccignone et al., 1993).
If that would be the case, knowledge about the dynamics of the graphic forger as gathered in
the present experiment could be directly applied in estimating the authenticity of a static
handwriting sample. In this perspective one should consider that movement initiation times
never could be recovered from a static sample, because the static sample does not include
trajectories above the paper. Also, absolute movement times will be difficult to recover from
the static sample, nevertheless relative movement time estimations can possibly be redeemed
in the future.
In the experiment two model writers were required to write up repeatedly their
signature, a six-word sentences and two isolated words in their own authentic style. One
writer was accustomed to write in a connected cursive script style and one model writer was
used to write in a disconnect print style. The products of these two subjects were used as
models which had to be imitated, repeatedly, by ten experimental subjects. These ten subjects
did also write up their signature, the sentence and the words in their own authentic style.
When simulated script was demanded, the to be mimicked style model was presented at the
top of the writing sheet. When authentic script was required the sample sentences or separate
words or the word Tiandtekening' (In English 'signature') were given in a printed form. Spatial
as well as kinematic characteristics were extracted from on-line recordings of all writing
conditions of all subjects (including the two 'models'). In this article only the comparisons
between the forgeries and the original models are presented. For a report of the results of a
comparison between the mimicked and authentic written sentence and isolated words of each
subject individually the reader is referred to Van Galen and Van Gemmert (1996).
In summary, the theory encompasses three elements. Firstly, simulated script is
heavily dependent upon visual control. Secondly, mimicked script is produced with smaller
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and iterative force pulses. And finally, imitating a writing style is a stressful motor task and
therefore it is performed with higher degrees of tonic stiffness of the limb. Five predictions to
be tested are derived from the theory. The most general prediction is that mimicked samples
of handwriting will be more similar to their models in the spatial than in the kinematic
domain. Therefore, spatial measures such as writing length and writing slope of the imitations
will be more similar to their models than kinematic measures. The four remaining prediction
are more specific and depend all on the dynamic measures. Firstly, longer movement
initiation times for simulated samples are predicted. Secondly, simulated script will be
characterized by longer movement times. The third prediction is related to the second in that
more dysfluencies are expected for simulated script. The final prediction is that simulated
script is written with a higher degree of limb stiffness which will result in a noise suppression
of energy related to the lower frequencies and a relative increase of energy in the higher
bands of the noise spectrum of the velocity signal.

Method

Subjects
Ten subjects, students and staff members of the institute aged between 20 and S3 years old
volunteered in the experiment. The student subjects were paid for their participation. All
subjects had normal or corrected-to-normal vision and had normal handwriting skills,
moreover they used handwriting on a daily base.
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Task and apparatus
The subjects were requested to accomplish four different handwriting tasks under three
different conditions. The three conditions were authentic writing, copying a print letter model
and copying a cursive letter model. The two models were derived from samples of two
different writers, one being used to write a disconnected, print letter style, and one being used
to write a connected, cursive letter style. The four handwriting tasks were a normal six words
sentence, two separate words of the sentence, and making a signature. The sentence was the
Dutch phrase Is het mormel in het hok.' [In English Ts the monster in the den.]. The separate
words were Tiet' [English the! and "mormel' [English "monster"]. All subjects performed six
replications of each of the four tasks in each of the three conditions.
Subjects performed the tasks with a normal ballpoint on an A4 lineated paper form
that was placed on a digitizer tablet (Calcomp 9000). The digitizer tablet recorded vertical
and horizontal position of the tip the pen with a sampling frequency of 100 Hz, with a spatial
accuracy of 0.025 cm and a temporal accuracy of 0.98 ms. During each task condition the A4
lineated paper was laid on the digitizer tablet by the experimenter. The subject was allowed to
change the position of the sheet such that it accommodated a comfortable writing position. At
the head of the sheet, the writing task for that particular condition was given either in
machine print letters (when authentic script was required) or in handwritten print letters
(when the print letter style had to be simulated) or in cursive script when the cursive model
had to be forged. The signatures were indicated by Handtekening' [English "Signature"! or
when the models had to be copied, authentic autographs of the two different writers.
The task of the subject was to produce, as closely as possible a similar style of script
as the model at the top of the paper or their own authentic style when the task was presented
in machine print letters. The start of each consecutive task replication was indicated by and
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auditory signal from the computer program (running on a VAX-station 31/100) controlling
the experiment. Subjects were allowed to practice with the models and the apparatus for
about 20 minutes before the actual registrations were taken. The twelve task by copying
condition combinations were presented in a counter-balanced order to the subjects.

Data analysis
For each individual trial Reaction Time, Writing Length, Writing Slope, Movement Time and
the number of Dysfluencies were determined. The time between the auditory start-signal and
the first measurable pen movement was taken as reaction time. Movement time was defined
as the time between the first measurable movement of the pen and the end of the last
movement of the last stroke of the word. The writing length was defined as the traject
travelled by the tip of the pen during the movement time. Writing slope was calculated by
drawing a straight line between the position of the pen of the first sample of the movement
time and the position of the pen of the last sample of the movement time. Finally,
dysfluencies are defined as the number of reversals of the direction of the velocity signal
during the movement time after low-pass filtering the originally recorded signal at 12 Hz. A
second analysis concentrated on the dynamic features of movement production and its
biomechanical implications. To this end, for each experimental condition an average
deviation spectrum of the velocity signal of the writing movements was calculated to estimate
the relative movement noise in consecutive bands of 3 Hz bandwidth of the spectrum. The
average deviation spectra were derived from the individual movement records by calculating,
for each recorded movement separately, the deviation between the record and the mean
movement profile for that condition (Van Galen et al., 1990). The Absolute Power Density
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U-statistic and probability for spatial and kinematic variables (n.s. = not
significant; m,n = degrees of freedom) for each of the different tasks
separately (T = word and sentence conditions for the indicated word taken
together, W = single word condition and S = word in sentence condition; I =
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Averaged means for spatial and kinematic variables for each of the different
tasks separately (T = word and sentence conditions for the indicated word
taken together, W = single word condition and S = word in sentence
condition; ! = the initial position in the sentence and F = final position in the
sentence).
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Results

Subjects could successfully forge the original samples. This was not only indicated by a
qualitative judgement about the goodness of fit of the produced simulations, but also by the
lack of any significance between the writing length of the simulations and the writing length
of the originals (see table 1). The second spatial measure, writing slope verified not
unequivocally the mentioned successful imitation of the models. Writing slope revealed no
significance for the signatures and the word lief, but the word "mormel' showed a significant
difference between the authentic model and its copies (see table 1). Analysis of the two
'mormel' writing tasks revealed that only the word "mormel' written in the sentence was
consequently written in a less steeper direction (see table 2). Altogether the findings in the
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systematically altered during the reproduction of the original script samples.
Effects of copying condition on relative power (X)
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Figure 1. Effects of copying condition on the percentages of energy contained by consecutive
bands of the relative spectral density function of the movement signal of the signatures. The
upper-panel represents the X-dimension of the writing tablet and the lower-panel represents
the Y-dimension of the writing tablet.

According to our experimental hypothesis the kinematic variables should disclose
more systematic and significant differences between the authentic models and the copied
script. For reaction time this appeared to be true when the data were pooled over the three
relevant conditions (see table 2) but only the signature condition did show a marginal
significant difference between the models and the simulations (see table 1). Movement time.
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in contrast to reaction time, increased significantly in all conditions (see table 1 and table 2).
Also the number of dysfluencies increased significantly in all conditions (see table 1 and
table 2).
Effects of copying condition on relative power (X)
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Figure 2. Effects of copying condition on the percentages of energy contained by consecutive
bands of the relative spectral density function of the movement signal of the word 'het', in the
X-dimension (upper-panel) and the Y-dimension (lower-panel). The data of the isolated word
and in the sentence condition were taken together.

Analysis of the relative power scores, which are an indication of the noisiness of the
velocity signal of the writing tasks, showed a significant change in the profiles of the copied
script conditions as compared to the authentic models (See the Figures 1, 2 and 3). The
Mann-Whitney U tests showed that forging led to an increase of relative energy in the higher
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bands of the power spectral density function (frequency bands 22-25 Hz and higher). In the
intermediate frequency bands (4-7 Hz) which are supposed to be representing physiological
tremor and recruitment noise, copying led to a decrease of relative power. This finding
suggests that copying tasks induce an enhanced degree of limb stiffness in the subject. These
results are similar to what has been found in an earlier mentioned study in which copying was
compared with authentic writing of the same subjects (Van Galen & Van Gemmert, 1996).
The effect of a change of the form of the noise spectrum is in agreement with studies about
the effects of mental load conditions on graphic tasks (Van Gemmert & Van Galen, 1994;
1995). In the latter studies the view was defended that mental and physical task load led to a
biomechanical response of the motor system consisting of an enhancement of limb stiffness.
The present findings are in agreement with this view if it is assumed that copying another
person's handwriting is a comparable mental and/or physical task load.

Discussion

The central question of this study was whether knowledge on kinematic and biomechanical
features of graphical tasks produced under conditions of stress could be of help for
formulating a general theory of handwriting fraud. The results of the reported experiment
show that this question can be answered affirmatively. In the kinematic domain significant
differences were found between the scripts of the genuine writers and their imitators. The
statistical analyses showed that the mimicked script is accomplished with less fluent strokes,
with a slower movement pace, and with more intermittent and smaller force pulses. And
although the difference in reaction time between the imitators and the model writers did not

Dynamic Features of Mimicking Another Person's Writing and Signature

169

reveal significance for the separate tasks, mean average reaction time showed the predicted
increase for the forged script. Moreover, the deviation spectrum of the velocity signal showed
that the lower frequency bands decreased as effect of mimicking the model while the higher
frequency bands increased. This latter finding is indicative of a higher degree of limb
stiffness. The results are analogous to current results from studies about graphic performance
during stress (Van Gemmert & Van Galen, 1994; 1995). The latter researches showed that
subjects use a biomechanical strategy of enhanced limb stiffness to neutralise the effects of
stress. The results of the present experiment evidenced the same assumption of an enhanced
level of limb stiffness. It may be concluded that psychomotor and biomechanical strategies
used to forge another person's script are similar to strategies subjects more generally use
during stressful conditions.
In contrast to the kinematic measures the spatial characteristics of mimicked script
showed in comparison to its authentic models not unequivocally significant differences.
Therefore, a preliminary conclusion might be that the static script solely cannot be used to
distinguish forgers from authentic writers. The fact that slant and writing length is not a
discriminative feature is in line with the warning of Haider-Sinn (1991) who argued not to
use these parameters to identify simulators. As to the spatial domain the presented findings
are also in agreement with the research of Leung et al. (1993), who showed that imitators
concentrated on the eye-catching spatial aspects of the model script and therefore could
reproduce quite well the to be imitated script.
Although the general purpose of this study was not to promote new technics to
determine alleged authorship, the results indicate that kinematic measures are preferable
above spatial characteristics. It should be admitted, however, that the findings are still of
limited relevance to the forensic document examiners, since most materials submitted do not
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include kinematic measures. Also the forging conditions when subjects are instructed to copy
authentic handwritten script as accurately as possible is very different from forging script
with criminal intent. In the present research, the subjects copied the model script in an already
determined semantic and lexical content, whereas criminal forgers intend to mimiek a
message which is never produced by the genuine writer. In this respect it is interesting and
encouraging that the present results with respect to the signatures are analogous to the results
of the mimicked script. Forged signatures by criminals are probably produced by the same
strategies as used by the subjects in this experiment.
Effects of copying condition on relative power (X)
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Effects of copying condition on relative power (Y)
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Figure 3. Effects of copying condition on the percentages of energy contained by consecutive
bands of the relative spectral density function of the movement signal of the word 'mormel'
in the X-dimension (upper-panel) and the Y-dimension (lower-panel). The data of the isolated
word and in the sentence condition were taken together.
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Although subjects practised for 20 minutes the model script it should be mentioned
that in real life situations criminals do mostly have more practice. The latter consideration
provokes the question if the dynamic parameters are subject to training. A study about the
effects of practice on the dynamics of handwriting showed that dynamic parameters, like
reaction time, movement time and dysfluencies change as a result of practice (Portier, Van
Galen & Meulenbroek, 1990).
Related to the issue of a practice effect is the question of developmental effects on
handwriting kinematics. It is well documented now that speed and fluency of handwriting is
subject to maturation and development during the primary and even secondary school years
(Graham & Weintraub, 1996). The study of handwriting fraud should therefore reckon with
developmental aspects as well.
Nevertheless, in a recent study, Van Mier and Hulstijn (1993) stated that copying a
drawing is much slower than copying a highly practised letter with the same amount of
strokes. We think that imitating script is more comparable to drawing than to normal
handwriting, therefore we predict that forged script will be slower and less fluent than the
kinematics of the original script.
The latter conclusion adds to the applicability of the method used in this study, but
also recent technical advances may make our approach more interesting from a forensic point
of view. In the future, perhaps, modem software and hardware applications will make it
possible to derive kinematic measures on-line from pieces of script which can be used to
detect the alleged identity of the author (Maarse & Portier, 1991). Also recent progress in
deriving dynamic characteristics from static samples of handwriting (Boccignone, Chianese,
Cordelia & Marcelli, 1993) aspire to continue the search for critical dynamic features of
forged and authentic script.
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Summary

The present dissertation is a study into the effects of acoustic intensity of signals and
concomitant or simultaneously induced mental load on fine motor tasks. It is argued that both
effects can be subsumed under the more general term stress. Stress is defined in this thesis as
any situation in which a task needs to be performed with more effort than normal, due to suboptimal conditions as result of external and/or internal stimuli, even when the task demands
are met. Whereas physical stress effects are illustrated in this thesis by auditory noise,
cognitive stress isrepresentedby mental load.
A focal point in this thesis to explain effects of stress is the neuromotor noise concept.
Neuromotor noise is defined as a general term for (1) the noisy recruitment of motor units by
the brain, (2) grouped activity of motor units as result of synchronization processes and
filtering due to the biomechanica! properties of muscle tissue, (3) physiological tremor, (4)
stretch reflexes, (5) mechanical oscillations due to the springlike properties of the limbs, and
(6) correction servos from feedback processing. Furthermore, it is argued that enhanced
neuromotor noise leads to decreased signal-to-noise ratio's which negatively affect the
excursion of the movement. If the task demands do not allow increased end-point variability,
the motor system adopts strategies to reduce neuromotor noise and/or to increase the signal.
The result of these strategies can be measured in Chronometrie and/or dynamic properties of
the movement. Therefore, the neuromotor noise is suggested as a key-concept to understand
diverging effects of stress on performance. Additionally, this concept can be helpful in
bridging divergent views between cognitive and physiological scientists, and to narrow the
gap between our present knowledge and an all-embracing model of stress and its effects on
human performance. Future research should examine whether the theory and its neuromotor
177
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noise concept are applicable to a broader range of stressors. Furthermore, longitudinal
research should produce more and unequivocal evidence of any detrimental health effects as a
result of emotional stress, cognitive stress, or physical stress. Subsequently, research should
determine whether injurious health effects can be related to continued, increased levels of
neuromotor noise as well.
The thesis can be divided into three parts. The first part is an introduction (Chapter 1),
which gives an overview of the thesis and the theories developed to explain effects of stress
and/or mental load on human performance. The second part is a part with a few experimental
chapters (Chapters 2, 3, 4, and 5), in which the proposed neuromotor noise theory is tested.
Finally, there is again an experimental chapter (Chapter 6), but this chapter can be
characterised as an more applied part of the thesis. In this last chapter the practical use of the
neuromotor noise concept and its estimates into the forensic domain are examined.
In Chapter 2, the new theoretical perspective on the relationship between stress and
human performance is introduced and tested in four experiments. The basic assumptions of
the theory are explained that in the motoric components of the information processing system,
all stressors enhance neuromotor noise which spreads through the system in time and space,
and that easy tasks are facilitated whereas complex tasks are disrupted by neuromotor noise.
Furthermore, two mechanisms are proposed to reduce the detrimental effects of high
neuromotor noise levels. In the first mechanism, the system makes use of the transient nature
of neuromotor noise by increasing processing time, in order to accrue signal over neuromotor
noise, so instead of reducing the level of noise this mechanism enhances the signal to increase
the signal-to-noise ratio. The second mechanism, which does reduce the neuromotor noise
level, exploits the biomechanica! properties of the muscular and limb system. According to
this noise filtering mechanism, the executing limb is stiffened up to filter out the neuromotor
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noise effects. The study presented in Chapter 2 showed that certain results concerning the
effects of stress on human performance which contradict those found in previous studies, can
be explained with a theory based on the neuromotor noise concept.
In Chapter 3, the effects of a secondary task on a graphical aiming task is tested. The
secondary task in this study was a tone counting task, which was designed to reveal effects of
both cognitive and physical stress on the separate stages of a graphical variation of the Fitts
task. The tones were varied in loudness between 55 dBA and 90 dBA. The loud 90 dBA tones
are expected to induce both mental load and physical stress effects, whereas the low intensity
tones (e.g. 55 dBA) are expected to incite only mental load. Although the results of this
experiment did support the hypothesis that mental load affected the graphical task, the
findings did not support decisively the hypothesis that physical stress enhances neuromotor
noise levels in the motor system. In this chapter, it was concluded that future experiments
should use higher loudness values to provoke effects of physical stress.
The results of Chapter 3 were employed in Chapters 4 and 5 to refine the method used
to investigate both kinds of stress effects on the separate information processing stages, e.g.,
foreperiod, reaction time phase, and execution phase. As in Chapter 3, the primary task was a
graphical variation of the Fitts task. The secondary task again was an auditory task, but to
reduce confounding effects of hearing difficulties with the weak 55 dBA tone, a moderate
intensity level of 65 dBA was used. The loud tones were up scaled to 95 dBA to satisfy the
recommendation of Chapter 3 that higher loudness levels should be used to provoke physical
stress effects. To un-confound the effects of mental load and physical stress, half the
participants in this study were instructed to ignore the tones and half the participants were
instructed to discriminate the pitch of the tones into two categories, e.g, high versus low. The
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results presented in Chapter 4 supported the stress theory based on the neuromotor noise
concept.
In Chapter 5, an analysis of the frequency components of the velocity signal of the
aiming task described in Chapter 4 is performed, to test the theory that limb stiffness is
elevated as result of two different stressors. In the approach, an estimate is calculated of the
energy related to noise components in the movement velocity signal. The results indicated that
due to both mental load and physical stress, the form of the power spectral density function
changed in the sense of a relative shift towards increased energy in the higher bands of the
spectrum. This outcome was interpreted to support the view of a generally enhanced stiffness
as a result of different types of stressors.
In the final Chapter of the thesis, the applicability of the neuromotor noise theory and
its estimation procedures were tested in the forensic domain. In this study, it is argued that
imitating another person's handwriting imposes a heavy load on the information processing
system, because the mimicked script is produced in a closed loop mode while the motor
program of the normal handwriting of the forger must be suppressed to reduce erroneous
script characteristics in the copy. Therefore, imitating another person's script can be
categorized as a demanding and thus stressful task. As predicted by the theory, the results of
Chapter 6 provided evidence that imitated script is executed with higher degrees of limb
stiffness as indicated by the apparent shift in the relative power spectral density functions of
the velocity signal.

Samenvatting

Dit proefschrift is een studie naar de effecten van de intensiteit van geluid en mentale
belasting op de uitvoering van fijne motorische taken. Er wordt beargumenteerd dat beide
effecten kunnen worden ingedeeld onder de meer algemene term stress. In dit proefschrift
wordt stress gedefinieerd als de situatie waarin het uitvoeren van een taak meer inspanning
kost dan normaal, ook al wordt er aan de taakvereisten voldaan. Wanneer de conditie niet
optimaal is door de invloed van externe en/of interne stimuli kost het meer inspanning om aan
de taakeisen te voldoen. In dit proefschrift worden fysische stress effecten geïllustreerd door
lawaai, en cognitieve stress effecten door mentale belasting.
Een centraal punt in dit proefschrift voor de verklaring van de effecten van stress is het
concept neuromotorische ruis. Neuromotorische ruis wordt gedefinieerd als een algemene
term voor (1) de ruizige rekrutering van motor units door de hersenen, (2) gegroepeerde
activiteit van motor units als resultaat van synchronisatie en Altering als gevolg van de
biomechanische kenmerken van spierweefsel, (3) fysiologische tremor, (4) strek reflexen, (5)
mechanische oscillaties als gevolg van de springveerachtige kenmerken van de ledematen, en
(6) de corrigerende servos van feedback processen. Er wordt beargumenteerd dat verhoogde
neuromotorische ruis in het systeem zal leiden tot verlaagde signaal-ruis ratio's, wat een
negatieve invloed heeft op het traject van de beweging. Wanneer de taakvereisten het niet
toelaten dat het bewegingstraject wordt uitgevoerd met een hoge variabiliteit rond het
eindpunt, dan adopteert het motorisch systeem strategieën om de verhoogde neuromotorische
ruis te verlagen en/of het signaal ten opzichte van de neuromotorische ruis te verhogen. Het
resultaat van de werking van deze strategieën kan gemeten worden in de chronometrische
en/of dynamische karakteristieken van de beweging. Neuromotorische ruis wordt daarom
181
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voorgesteld als het sleutel concept om uiteenlopende effecten van stress op de taakuitvoering
te begrijpen. Verder kan dit concept helpen om een brag te slaan tussen de uiteenlopende
visies tussen cognitieve en fysiologische wetenschappers, en om het gat te verkleinen tussen
onze huidige kennis en een alles omvattend model van stress en zijn effecten op menselijk
handelen. Toekomstig onderzoek zal moeten nagaan of de theorie en haar neuromotorische
ruis concept toepasbaar zijn om de werking van meerdere stressoren op menselijk handelen te
verklaren. Verder zal longitudinaal onderzoek naar ondubbelzinnig bewijs moeten zoeken
voor de eventueel nadelige gezondheidseffecten die het gevolg zijn van emotionele,
cognitieve, of fysische stress. Vervolgens zou onderzoek na moeten gaan of blessuregevoeligheid ook gerelateerd zou kunnen zijn aan neuromotorische ruis niveaus die continu
verhoogd zijn.
Dit proefschrift kan verdeeld worden in drie delen. Het eerste deel is een introductie
(hoofdstuk 1), waarin een overzicht wordt gegeven van het proefschrift en de theorieën die
ontwikkeld zijn om effecten van stress en/of mentale belasting op menselijk handelen te
verklaren. Het tweede deel beslaat een aantal experimentele hoofdstukken (hoofdstukken 2, 3,
4 en 5), waarin de voorgestelde neuromotorische ruis theorie wordt getest. Tenslotte is er een
eveneens empirisch hoofdstuk, dat gekarakteriseerd kan worden als een meer toegepast deel
van het proefschrift. In dit laatste hoofdstuk wordt de praktische toepasbaarheid van het
neuromotorische ruis concept en zijn metingen in de forensische praktijk getoetst (hoofdstuk
6).
In hoofdstuk 2 wordt het nieuwe theoretische perspectief geïntroduceerd op de relatie
tussen stress en menselijk handelen, om vervolgens getest te worden in vier afzonderlijke
experimenten. De basis aanname van de theorie is dat alle stressoren het niveau van de
neuromotorische ruis verhogen in de motorische componenten van het informatie

Samenvatting

183

verwerkingssysteem. De neuromotorische ruis verspreidt zich vervolgens in het temporele en
spatiele domein van het systeem. Door de neuromotorische ruis is het mogelijk dat de
uitvoering van gemakkelijke taken verbetert terwijl de uitvoering van complexe taken
verslechtert. Twee mechanismen worden voorgesteld die de negatieve effecten van een hoog
niveau van neuromotorische ruis kunnen verminderen. Het eerste mechanisme maakt gebruik
van de voorbijgaande aard de neuromotorische ruis door de tijd waarin de taak wordt
uitgevoerd te verhogen. Hierdoor accumuleert het signaal relatief ten opzichte van de
neuromotorische ruis, en daardoor verbetert de signaal-ruis verhouding. Het tweede
mechanisme vermindert het verhoogde neuromotorische ruis niveau actief door gebruik te
maken van de biomechanische kenmerken van de spieren en de ledematen. Dit ruis-filterende
mechanisme bestaat erin dat de uitvoerende ledemaat verstijft, waardoor de verhoogde
neuromotorische ruis niveaus uit het systeem gefilterd worden. Het onderzoek dat wordt
gepresenteerd in hoofdstuk 2 laat zien dat sommige resultaten van de effecten van stress op
menselijk handelen die tegenstrijdig waren met voorgaande studies, verklaard kunnen worden
met een theorie die gebaseerd is op het neuromotorische ruis concept.
In hoofdstuk 3 wordt het effect van een tweede taak op een grafische richttaak getest.
De tweede taak in deze studie was het tellen van tonen. Hierdoor konden de effecten van
zowel cognitieve als fysische stress op de verschillende stadia van een grafische variatie op de
Fitts taak onderzocht worden. De tonen varieerden in intensiteit tussen twee waarden, 55 dBA
en 90 dBA. Van de luide 90 dBA tonen wordt verondersteld dat ze zowel mentale belasting
als fysische stress veroorzaken, terwijl van de zachte 55 dBA tonen wordt verondersteld dat ze
alleen leiden tot mentale belasting. Hoewel de hypothese dat mentale belasting de uitvoering
van een grafische taak beïnvloedt door de resultaten van dit experiment werd ondersteund,
werd de hypothese dat fysische stress het niveau van neuromotorische ruis in het motorisch
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systeem verhoogt niet afdoende bewezen. De conclusie was dat er in toekomstige
experimenten een hogere luidheidsintensiteit zal moeten worden gebruikt om effecten van
fysische stress op te wekken.
De resultaten van hoofdstuk 3 werden als leidraad gebruikt in het ontwerp van de
methodes van de hoofdstukken 4 en S waarin beide stress effecten worden onderzocht op hun
invloed op de verschillende stadia van een richttaak, namelijk de voorperiode, reactiefase en
uitvoeringsfase. Net als in hoofdstuk 3 was de primaire taak een grafische variatie op de Fitts
taak. De tweede taak was wederom een auditieve taak, maar om de storende effecten van de
zwakke 55 dBA toon tegen te gaan, werd er een gemiddelde intensiteit van 65 dBA gebruikt.
De luide toon werd op geschaald naar 95 dBA om tegemoet te komen aan de aanbevelingen
van hoofdstuk 3 dat luidere tonen gebruikt zouden moeten worden om fysische stress effecten
op te wekken. Om de effecten van mentale belasting en fysische stress niet te verwarren, werd
de helft van de deelnemers geïnstrueerd de tonen te negeren terwijl de andere helft werd
geïnstrueerd om de toonhoogte te categoriseren in twee klassen, namelijk hoog versus laag.
De resultaten gepresenteerd in hoofdstuk 4 ondersteunden inderdaad de stress theorie die
gebaseerd is op het neuromotorische ruis concept.
In hoofdstuk 5 is er een analyse gedaan op de frequentie componenten van het
snelheidssignaal van de grafische richttaak beschreven in hoofdstuk 4. Deze analyse staat
namelijk een test van de aanname van de theorie toe dat de stijfheid van de uitvoerende
ledemaat verhoogd wordt als gevolg van de werking van de twee verschillende stressoren.
Met deze aanpak kan een schatting gemaakt worden van de energie die gerelateerd is met de
ruizige componenten van het snelheidssignaal van de beweging. De resultaten geven aan dat
door zowel mentale belasting als fysische stress de vorm van de power spectral density functie
veranderde. Een relatieve verschuiving van energie trad op doordat in de hogere banden van
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het spectrum een vermeerdering van energie optrad ten nadele van de energie in de lagere
banden. Deze uitkomst werd geïnterpreteerd als een ondersteuning van de visie dat de
stijfheid in het algemeen toeneemt onder invloed van verschillende typen van stress.
In het laatste hoofdstuk van dit proefschrift werd de toepasbaarheid van de
neuromotorische ruis theorie en zijn metingen getest op zijn bruikbaarheid bij onderzoek met
forensische vraagstellingen. In dit hoofdstuk wordt beargumenteerd dat het imiteren van een
andermans

handschrift

zal leiden

tot

een

hoge belasting

van

het

informatie

verwerkingssysteem. Gecopieerd schrift wordt geproduceerd in een closed-loop modus,
terwijl de vervalser het motorisch programma van zijn/haar eigen handschrift moet
onderdrukken om foutieve schriftkenmerken in het gesimuleerde schrift tegen te gaan.
Daarom kan het imiteren van iemand anders schrift gecategoriseerd worden als een
veeleisende, stressvolle taak. Zoals voorspeld door de theorie bleek in hoofdstuk 6 dat
geïmiteerd schrift wordt uitgevoerd onder een hogere graad van stijfheid van de uitvoerende
ledemaat. Dit kwam tot uitdrukking in een duidelijke verschuiving van de relatieve energie in
de hogere en lagere banden van het spectrum van het snelheidssignaal.
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