
The Journal of Systems and Software 210 (2024) 111887

A
0

Contents lists available at ScienceDirect

The Journal of Systems & Software

journal homepage: www.elsevier.com/locate/jss

Programming under the influence: On the effect of Heat, Noise, and Alcohol
on novice programmers✩

Claus Brabrand a, Nanna Inie a, Paolo Tell b,∗

a Center for Computing Education Research (CCER), IT University of Copenhagen, Denmark
b Department of Computer Science, IT University of Copenhagen, Denmark

A R T I C L E I N F O

Keywords:
Software engineering
Programming
Cognitive performance
Physical stressors
Environmental stressors

A B S T R A C T

When humans are exposed to environmental and physical stressors, cognitive performance is degraded.
Even though several studies have examined the effect of various stressors individually, there are limited
studies comparing the impact of different types. This study examined the effects of Heat, Noise, and
Alcohol on cognitive performance during two programming tasks to quantify the impact of stressors on
novice programmers. The experiment enrolled 𝑁 = 100 university student volunteers for a between-subjects
experiment. Participants were randomly assigned to one of four conditions (𝑀 = 25): a room with at 38 ◦C
(100◦F), a room with conversational noise around 80 dBA, a blood alcohol content of 1.0h, or a base
condition. Two programming tasks were administered: one analysis task (reading programs) and one synthesis
task (writing programs), taking about half an hour to complete in total. Short-term exposure to heat appears
to not significantly affect neither reading nor writing programs; conversational noise significantly impacts
analytical tasks but not synthesis tasks; while alcohol significantly worsens performance in both analytical and
synthesis tasks. To provide a tangible summary for decision-makers able to influence conditions for novice
programmers, an approximated comparison is provided, which ‘‘translates’’ negative cognitive effects of heat,
noise, and alcohol to one another.
1. Introduction

High cognitive performance, such as the performance required in
high-level programming and engineering tasks, depends on resilient
cognitive control: the degree to which cognitive functions can with-
stand, or are resilient to, the effects of stress.

During the Covid-19 pandemic, most screen-based professionals
were forced to work from home, and many continue to do so after the
pandemic has officially ended, claiming that the home office makes it
easier to balance work and personal life (Mitchell, 2023; Ford et al.,
2021). At the same time, comfort of the work environment has been
cited by software developers as one of the biggest challenges of working
from home, especially attributing noise and physical comfort as distrac-
tors. ‘Tuning out distractions’ has been described as difficult in both
home and open office environments (Ford et al., 2021).

Even though the effects of physical and environmental stressors
on cognitive performance have been studied to a significant degree,
commonly on military personnel and professional athletes (e.g., Martin
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et al., 2020; Taylor et al., 2016; Lieberman et al., 2002; Zhang et al.,
2019; Hancock and Vasmatzidis, 2003; Martin et al., 2019), research
on their effects on sedentary work is more limited. Such studies have,
however, indicated detrimental effects to cognitive performance by,
for instance, excessive sunlight (Jamrozik et al., 2019), non-organic
interior design materials (Yin et al., 2018; Shen et al., 2020), exposure
to high concentrations of CO2 (Allen et al., 2016; Du et al., 2020) sleep
deprivation (Fucci et al., 2020), as well as the combination of several
of these factors (Liebl et al., 2012).

However, few studies quantify and compare the impact of different
physical stressors to cognitive performance. To this end, this article
presents a study of three different physical stressors against a baseline
condition to begin to formulate a scale with which to compare different
stressors. We specifically investigate the domain of programming. Rather
than an arbitrary cognitive performance test, we administered assign-
ments in reading programs (analysis) and writing programs (synthesis)
to university students having taken CS1 (introductory programming).
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Fig. 1. Mean BAC (blood alcohol concentration) over time for spirits, wine, versus
beer.
Source: Reproduced from Jr. et al. (2014), Fig. 1.

The results therefore contribute new knowledge about the impact of
physical stressors to cognitive performance on novice programmers.

The study used Heat as a proxy for working in a warm office
without air conditioning (A/C), Noise as a proxy for an open office
space where people have conversations while others are working (or a
home office where other household members are audible), and Alcohol
for comparative purposes such that the potential effects on perfor-
mance can be ‘‘translated’’ into something more tangible than abstract
percentage decreases in performance. Compared to the baseline, we
found statistically significant detrimental effects on the performance
of programmers exposed to Noise and Alcohol, and weak evidence of
detrimental effects on the performance of programmers under the Heat
ondition.

. Background

When demands are placed on our performance that are greater than
hat can be carried out by means of automatic cognitive processes
lone, we require cognitive control (Umemoto et al., 2019). Cognitive
ontrol is used to describe the processes, or capacity, by which in-
ividuals manage goal-oriented behaviors, and encompasses various
ehaviors and mental activities (Norman and Shallice, 1986; Mackie
t al., 2013; Badre and Nee, 2018). The capacity to exert cognitive
ontrol is affected by multiple psychological and physiological factors.
he three factors which were studied in this experiment are heat, noise,
nd alcohol:

.1. Measuring and determining level of heat

Wet-Bulb Globe Temperature (WBGT) originated in the US mili-
ary for reliably measuring personal heat stress under various condi-
ions (Budd, 2008). Beyond air temperature (aka, Dry-Bulb Tempera-
ure) as measured in degrees Celsius (◦C), degrees Fahrenheit (◦F), or
elvin (K), it also incorporates relative humidity percentage (RH%).

Research on the cognitive impact of heat exhaustion distinguishes
etween (superficial) sensory discomfort versus (internal) core body
emperature overheating (Taylor et al., 2016). Our investigation consid-
rs the former (sensory discomfort). Recent research shows that a hot
nvironment significantly reduces complex cognitive task performance
ven before any increase in core temperature (Gaoua et al., 2012).
rguably programming can be classified as a complex task.

The interval from 17 ◦C to 23 ◦C is designated as the zone of
referred temperature (Ramsey et al., 1983). For an overview of the
2

mpact of heat from 17 ◦C to 55 ◦C (after prolonged exposure or
trenuous activity at 50% RH), we refer to Fig. A.5(a).

.2. Measuring and determining level of noise

Prior research (especially from laboratory studies) show that noise
xposure negatively impacts performance (Sorkin, 1988). According to
field study involving more than two thousand participants, more than
alf (54%) reported they were often bothered by noise, especially by
eople talking and telephones ringing (Sundstrom et al., 1994).

Research shows that human speech is much more detrimental than
o-called ‘‘white noise’’, compared to a quiet environment (Jones et al.,
008) and that reading and recollection is negatively impacted by noise
rom nearby human speech, but not from non-speech noise (Salamé
nd Baddeley, 1982). Our investigation considers the impact from
earby human speech. Noise is measured in decibel (dB), but, since
he sensitivity of the human ear depends on the frequency, an adjusted
ecibel scale is often used (dBA) for measuring noise impact on people.

For an idea of what noise levels from 30 dBA to 120 dBA correspond
o, please consult Fig. A.5(b).

.3. Measuring alcohol intoxication

Alcohol obviously impacts performance. Widmark’s formula (Wat-
on et al., 1981), serves to calculate (predict) how much alcohol each
erson needs to drink to attain a particular level of intoxication:

= 𝑤 ⋅ 𝑐 ⋅ 𝜌

here 𝐴 is the volume of pure alcohol to drink (in mL); 𝑤 is the weight
of the individual (in kg); 𝑐 is the blood-alcohol concentration (in per
mille) to be attained (in our case, 1.00h under our Alcohol condition);
and 𝜌 is a gender-specific constant known as the distribution-volume or
water-phase in which the alcohol is diluted: 𝜌♂ = 0.68 L/kg for men,
and 𝜌♀ = 0.55 L/kg for women. (Hence, men need to drink about 25%
more than women in order to reach the same level of intoxication.)
Since, we are using 40% vodka, we translate the amount of alcohol to
drink from volume (in mL) to weight (in grams) by dividing with the
density of 40%Vol volume percentage EtOH (ethanol) which is 0.3447
mL/g at room temperature. Hence, in order for the first author (male,
80 kg) to attain 1.00‰ of intoxication (after 𝑇max = 36 min on an
empty stomach), he would need to drink the following (weight) amount
of 40% Vodka:

(80 kg ⋅ 1.00 ‰ ⋅ 0.68 L/kg) ∕ 0.3447 mL/g ≈ 158 g

In the name of Science, two of the authors tested the predictive power
of the formula on themselves with the intent of reaching an intoxi-
cation of 1.00‰; they attained measured maximal concentrations of
𝐶max = 0.95‰, respectively, 0.91‰, according to a conservatively
under-approximating police-grade breathalyzer.

The alcohol concentration in exhaled air is an indirect measure for
the blood alcohol concentration (BAC). The individual variation is
1800 to 3000 times lower in the exhaled air than the blood. For legal
reasons, the Danish national conversion factor for breadthalizers has
deliberately been set to a conservatively low ratio of 2000 (T. D. M. of
Justice, 2007).

The speed of absorption appears to depend on the type of alcoholic
beverage: ‘‘The time to Cmax [maximum concentration] occurred sig-
nificantly earlier (𝑝 < 0.01) after [20%] vodka/tonic (36 ± 10 min)
compared to [12½%] wine (54 ± 14 min) or [5.1%] beer (62 ± 23 min)’’
(cf. Fig. 1) (Jr. et al., 2014). For comparability and since it is absorbed
the fastest, we settled on using 20% vodka/tonic (i.e., half 40% vodka,
half tonic). For an idea of the effects of alcohol intoxication from 0.0h

to 1.5h BAC, see Fig. A.5(c).
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3. Related work

Studies of environmental and physical stressors on novice program-
mers and software developers, specifically, are limited. Muller & Fritz’s
study from 2016 (Müller and Fritz, 2016) indicated that bio-metrics
can be used to predict code quality, thus it is pertinent to identify
and investigate different environmental factors seem to affect software
engineers and to which degree.

Related research has studied factors such as the consequences of
affect (Graziotin et al., 2017, 2018), stress (Liu et al., 2021), and
sleep (Fucci et al., 2020) for software developers. The latter study
found, for instance, that missing a single night’s sleep led to a re-
duction in implementation quality of 50%. The study also uncov-
ered some interesting insights about the specific behavioral effects
of sleep deprivation on software development, indicating that sleep-
eprived developers make more fixes to syntactic errors in the source
ode (Fucci et al., 2020). Related studies have shown that software
evelopers often work under stress, and that simple interventions to
heir physical state (such as breathing exercises) can have positive
ffects to both attention awareness, well-being, perceived productivity,
nd self-efficacy (Penzenstadler et al., 2021).

As numerous studies have shown that the nature of the task per-
ormed and the familiarity of the individual with the task affects the
egree impact with which cognitive performance is impaired (Taylor
t al., 2016; Martin et al., 2019), the current study focuses directly
n physical stressors on novice programmers (university students) per-
orming programming tasks. This section presents related studies of
ognitive performance under the three stressors: heat, noise, and alcohol.

.1. A gap in research on moderate heat exposure

Yegeneh et al. conducted a literature review of 45 studies of am-
ient air temperature and cognitive performance published between
980 and 2018 (Yeganeh et al., 2018). They unequivocally found
hat heat reduces cognitive performance – at a room temperature
f 80◦F (26.7 ◦C), they saw a reduction in performance of almost
%. This literature review showed that heat stress causes the most
ignificant decline in the most attention-demanding tasks, and that the
stimated temperature-performance correlation follows a bell-shaped
urve centered around the average control temperature.

Heat can also contribute to a decline in cognitive performance
y dehydrating the body. A 2% body weight loss due to hydration
constituting ‘‘mild’’ dehydration Périard et al., 2021) can cause signif-
cant effects to both cognitive, physical, visuomotor, and psychomotor
erformance (Grandjean and Grandjean, 2007; Cian et al., 2001), and
he dehydration effect can lead to prolonged exhaustion (Cian et al.,
001).

However, accurately quantifying and comparing the impact of heat
n cognitive performance is difficult due to ‘‘the large number of factors
hat come into play, such as task type, exposure duration, skill, and
cclimatization level of the individual and due to the absence of a
oncise theory on which experimental work can be based’’, according
o a thorough review from 2003 by Hancock and Vasmatzidis (Han-
ock and Vasmatzidis, 2003). A later review pointed out that a large
art of research on thermal environment impact has been focused on
evere heat and cold exposure rather than moderate heat exposure in
ndoor environments, which is more common in most office environ-
ents (Zhang et al., 2019). This review also concludes that studies of
oderate heat exposure in various fields have reported ‘‘inconsistent

esults’’, likely due to the vast amount of confounding factors, ‘‘method-
logical discrepancies between studies’’ and incompatible conceptual
odels (Zhang et al., 2019).
3

.2. Noise impact depends on individual resilience

Environmental noise and its effects have also been studied in rela-
ion to office work, particularly incited by the proliferation of open-plan
ffice environments. Studies have shown detrimental effects of noise
o job satisfaction (Sundstrom et al., 1994), motivation (Evans and
ohnson, 2000; Jahncke et al., 2011), tiredness (Jahncke et al., 2011),
oncentration (Banbury and Berry, 2005), productivity (Mak and Lui,
012), and even long term sickness absence (Clausen et al., 2013).

All of the effects mentioned above, however, are based on self-
ppraisal, rather than physiological measurements; several of the stud-
es found no physical impact of noise to their subjects (Evans and
ohnson, 2000; Banbury and Berry, 2005; Jahncke et al., 2011), sug-
esting that noise impact is primarily cognitive and behavioral, and
hus volatile to cognitive resilience, or ability to direct and focus
ttention.

Experimental studies of cognitive performance have unanimously
hown adverse effects of noise to speed, accuracy, and memory
Schlittmeier et al., 2008; Jahncke, 2012; Brocolini et al., 2016; Jah-
cke and Hallman, 2020; Meng et al., 2021). Speech is one of the
ost disturbing types of background noise, as human cognition is

xceptionally sensitive to communication: ‘‘Even if background speech
s irrelevant and one intends to ignore it, the speech signal is automat-
cally and obligatorily processed by the listener‘s auditory-perceptual
nd cognitive systems. Evidence suggests that this obligatory processing
ay include semantic analysis of background speech.’’ (Schlittmeier,
021).

Research in the area has been focused mainly on two aspects:
xploring and comparing the impact of different types of noise (i.e. traf-
ic noise, human speech intelligibility, nature sounds, air condition-
ng Ljungberg and Neely, 2007; Schlittmeier et al., 2008; Meng et al.,
021), and identifying mitigation of detrimental noise effects, for in-
tance masking sounds and restoration periods (Brocolini et al., 2016;
ahncke, 2012). Most studies have also been centered around ‘‘office
orkers’’ generally, which is a fairly broad generalization. Several

tudies have shown that how much cognitive performance is impaired
y noise varies with the cognitive processes required by the tasks, the
ndividual is engaging in Jahncke (2012). We therefore find it highly
elevant to investigate the influence of noise to performance in software
evelopment tasks, specifically.

.3. Alcohol intoxication impairs executive control, but may increase expe-
ience of creative performance

Both research and the general public has more comprehensive
nowledge of the effects of alcohol on cognitive performance—to the
xtent where descriptive scales of levels of intoxication have been
eveloped (e.g. Fig. A.5(c)). Alcohol intoxication generally impairs
xecutive control, which makes it detrimental to deep thinking and
oncentration (among other cognitive abilities such as verbal fluency,
lanning, memory, and complex motor control), e.g. Peterson et al.
1990), Giancola et al. (1996) and Dry et al. (2012).

Psychoactive substance use has been found to be prevalent in pro-
essional developers, with alcohol and cannabis shown to be the far
ost commonly used during completion of programming tasks (Endres

t al., 2022; Newman et al., 2023). Developers in the survey believed
hat recreational use of the substances increased their programming
erformance and ‘‘got them in the zone’’. However, formalized studies
f creativity under alcohol or cannabis intoxication have not confirmed
his (Benedek et al., 2017; Benedek and Zöhrer, 2020; Kowal et al.,
015). Several studies have shown that mild intoxication increases a
erson’s joviality, and makes them more likely to evaluate their own and
thers’ ideas more favorably (Kowal et al., 2015; Heng et al., 2022).
ome studies have even shown enhancement of creative output for
ndividuals who believed they had consumed alcohol, whether or not
hey had actually done so (Lapp et al., 1994).
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Fig. 2. Overview of the experimental design setting.
Although general trends in consumption of alcohol varied between
ountries during the Covid-19 lockdowns (Plata et al., 2022), many
ountries experienced a surge in alcohol sales during the pandemic.
uch rises in sales have been explained by difficulty of coping with
oneliness and isolation, but also by the ‘‘home mixology movement’’,
eading people to buy more premium alcohol to replicate at home some
f the experiences they were missing at bars and restaurants. Since most
ome offices do not carry a no-alcohol policy, it begs the question of
hether more programming tasks are performed under the influence
uring remote work, and how this might influence the quality of the
ork performed.

Impairment of cognitive processes due to higher blood alcohol level
BAC) does not appear to be uniform across different tasks, neither
oes different doses of alcohol affect different processes equally (Dry
t al., 2012). Some studies have indicated that performance in certain
asks (psychomotor, set-shifting, or working memory abilities) may not
e affected by low doses of alcohol (Hoffman and Nixon, 2015). Alco-
ol intoxication has, however, most commonly been studied in either
y anecdotal accounts or in controlled experiments using formalized
ognitive performance batteries rather than realistic work assignments
uch as software development and programming.

. Methodology

Following guidelines and recommendations by Juristo and Moreno
2013), Wohlin et al. (2012), and Kitchenham et al. (2002), we per-
ormed a quasi-experiment designed to investigate the effect of heat,
oise, and alcohol on novice programmers. In this section, we present
etails regarding its design and implementation with regards to: re-
earch question, independent and dependent variables, hypotheses
ested to investigate the research questions, participants, concrete
esign, and data collection and analysis procedures. A summary of the
xperimental setting is provided in Fig. 2.

.1. Objective

Our objective is to collect quantitative evidence regarding adver-
arial effects of the three external factors (heat, noise, and alcohol) on

novice programmers. The operational research question is:

RQ: To what extent does heat, noise, and alcohol impact the ability of
university student novice programmers to read programs (analysis)
and write programs (synthesis)?

In the context of this experiment, performance has been defined as a
ombination of a task correctness score (along with a derived sufficiently
orrect boolean indicator) and task completion time. See the ‘Cause and

Effect Factors’ sections of Fig. 2 for a visual overview.
4

4.2. Experimental setup

We had two aims for the experiment design: (1) it should be easily
replicable, allowing parallelization and future reproduction, and (2) it
should allow the tuning of each of the three physical stressors inde-
pendently. In the following, we will describe for each factor: (i) which
treatment levels were chosen and why (Fig. 2.A), (ii) how treatment
levels were controlled in practice (Fig. 2.B), and (iii) the process and
instruments used to verify the compliance of each experiment run with
the treatment levels (Fig. 2.C).

Each independent variable (heat, noise, alcohol) was tested in iso-
lation, hence, together with the base condition (i.e., the control con-
dition), three treatment setups were used in which one independent
variable would be set to high and the two remaining ones were equal
to base level.

The design yields three treatments, each modifying the base (control)
condition ⟨ 21 ◦C, 30 dBA, 0.0h ⟩:

• ⟨ 38 ◦C, 30 dBA, 0.0h ⟩: heat condition;
• ⟨ 21 ◦C, 80 dBA, 0.0h ⟩: noise condition; and
• ⟨ 21 ◦C, 30 dBA, 1.0h ⟩: alcohol condition.

The temperatures of 21 ◦C and 38 ◦C correspond to 70◦F and 100◦F,
respectively.

4.2.1. Heat
Treatment levels: Levels for the heat factors were set to be main-

tained at the building standard temperature for the base condition
(21 ◦C) and raised to 38 ◦C (100◦F) at 50% relative humidity for
the heat treatment. This level was chosen because it would create
a sufficient raise in body temperature to impact cognitive capacity,
yet not so high that subjects would risk acute heat disorders (above
39 ◦C) (Kjellstrom et al., 2009). It is a realistic temperature for an
indoor (summer) work environment without air conditioning, such as
the home office work environments many were compelled to work in
during the Covid-19 lockdowns worldwide.

Environmental setup: Base conditions were ensured through the
building ventilation system. To achieve the high heat treatment, an
experimental room was insulated with rockwool over windows sealed
with plastic sheets and equipped with two electric heaters (9 kW and
2 kW). Additionally, a stationary bicycle was placed in the room to
increase the core temperature of the participants before the execu-
tion of the experimental tasks. The bicycle was used to slightly raise
body core temperature, simulating the effects of longer term heat-
exposure. Subjects were asked to use the stationary bicycle for 10 min,
a compromise for raising body core temperature without risking dehy-
dration or exhaustion (Maughan and Shirreffs, 2004). To further avoid
dehydration, water was available to participants at all times.

Verification of compliance: This setup was piloted at the start of

each period in which experiments were run to test whether the power
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of the heaters was enough to reach the desired temperature. The tem-
perature in the high treatment level room was continuously monitored
using three Dallas DS18B20 sensors hooked up to Arduino (Things
Uno) boards via a 1-wire interface connection. The temperature was
measured every 120 s, sent via a LoRaWAN connection to an InfluxDB
and shown via a Grafana Web interface. Additionally, a hygrometer was
placed in the room to measure humidity allowing the calculation and
monitoring of the wet-bulb globe temperature (WBGT) (Carter et al.,
2020).

4.2.2. Noise
Treatment levels: Following indications based on multiple studies

eported by Maxwell (Maxwell, 2015) indicating open office work-
paces levels between 42 dBA and 60 dBA, and in line with similar
xperiments using 42 dBA as the low threshold (Romano et al., 2018),
e decided to ensure the base condition of the noise factor to be
elow 42 dBA. Similarly, following indications from the Directive
003/10/EC of the European Parliament (Parliament, 2003) marking
t 85 dBA the maximum noise level to ensure health safety in case of
onstant noise exposure and in line with similar experiments (Romano
t al., 2018), we decided to ensure the high level of the noise factor to
e below 85 dBA.

The noise level was delivered via a pre-designed audio track sam-
led from multiple controversial podcasts in the native language of
he country in which the experiment was performed. This was chosen
or several reasons: (i) human speech is a ‘‘major type of practical
istractive noise’’ (Szalma and Hancock, 2011; Tang and Wong, 1998),
ii) Native language was chosen to ensure highest possible comprehen-
ion of the audio track or ‘‘meaningful speech’’ (Schlittmeier, 2021),
iii) diverse controversial content would most probably trigger the
ttention of the participants, mimicking interesting conversations at a
ork-place.
Environmental setup: To ensure the control of the noise fac-

tor (and avoid interference from random unexpected environmental
sounds, such as sirens or building sites), we employed an active noise
cancelling headset (model: Bose QC35 II) for each experimental room.
The room allocated to deliver the high treatment level was always
equipped with a cellphone connected to the headset to deliver the
pre-designed audio track using tested settings.

Verification of compliance: We measured the sound pressure level
(SPL) of the speech signal, played back from an iPhone 8 at the
second-highest volume setting, through Bose QC35 II headphones with
noise cancellation turned on at the highest setting, using a calibrated
Norsonic 139 sound-level meter (SLM) coupled to a G.R.A.S. artificial
ear (RA0039, IEC 60318-1). Only the left channel was recorded, as the
right channel of the stereo signal was similar in playback level. The SLM
measured the A-weighted SPL with a slow time-constant of one second
for integration (i.e., calculating the short-term average level once every
second).

4.2.3. Alcohol
Treatment levels: Assuming students and knowledge workers op-

erate in a sober state, the base condition was set to 0.0h and the
high condition to 1.0h. This measure is above the legal limit in
most of the United States, and double the legal value for driving in
many European countries (including Denmark). Although 0.5h would
most likely already cause negative effects when performing physical
tasks including coordination, we chose a BAC of 1.0h, which should
e certain to provoke cognitive impairment and loss of judgment (see
ig. A.5(c) in the Appendix), even for individuals who may have
eveloped a functional tolerance to alcohol due to regular consumption
chronic tolerance) (Tabakoff et al., 1986).
Environmental setup: Base conditions were not verified since

‘drinking in class [is] not a common practice’’ for Danish students
Ladekjær Larsen et al., 2016). All experiment runs for the high alcohol
5

reatment were scheduled in the mornings and all subjects participating
in those mornings were sent a preliminary experiment information
including the request to attend the session fasting. The height and
weight of subjects exposed the high treatment were measured, and the
alcohol amount determined by the formula described in Section 2.3 was
diluted in a solution of equal weight of tonic water to ease assimilation.
The alcohol used was 40% Absolut Vodka®.

Verification of compliance: An ideal monitoring of the alcohol
level of a participant would require constant analysis of blood samples
extracted from a participant exposed to the alcohol. This would have
been unfeasible for several reasons, primarily that it would have re-
quired interruptions throughout the executions of the tasks for sample
gathering. We calculated the amount of alcohol based on sex and body
mass index (BMI) that would be required to reach the 1.0h level and a
breathalyzer for quantitative monitoring. In particular, after acquiring
the height and weight to compute the amount, the solution was brewed
and presented to the participant. A timer was started, and participants
were asked – not enforced – to finish the solution within 5 min. At
25 min, participants were asked to use the breathalyzer to record the
alcohol level (M=25, 𝑥=.60h). Once recorded, they were asked to start
the experiment and, once finished (M=25, 𝑥=54’25"), alcohol levels
were measured again (M=25, 𝑥=.59h). Fig. 3(c) presents an overview
of the alignment of the measurements with the ones predicted from
reference.

4.3. Intervention: Programming tasks

Two programming tasks (listed in Fig. A.6 in the Appendix) were
administered as one analysis task (T1) and one synthesis task (T2);
i.e., the ability to read and write programs, respectively. These represent
different skills required of software developers, as well as the higher
levels in Bloom’s learning taxonomy, e.g. Selby (2015). The tasks mimic
simple but realistic programming tasks for both students and software
development professionals. The difficulty level of the tasks was equal
to what would be expected from any student who has completed a CS1
course; the level of the tasks were assessed by two individual teachers
on one such course.

The analysis task (T1) involved predicting the correct output (nine
numbers) produced by two nested for-loops wrapped around a condi-
tional if-else statement for which either branch featured a print-
tatement outputting the result of an arithmetic expression. This task
s similar (although slightly more intricate) to what the students have
een exposed to during their CS1 course.

The synthesis task (T2) involved writing a program that counts the
umber of four-letter words ending in ’e’. In terms of difficulty, task T2
s similar to that of the FizzBuzz problem, often used by professional
ecruiters (Ghory, 2007). Canonical solutions to T2 as well as FizzBuzz
oth involve (a for-loop) iteration (through a string, respectively,
hrough the numbers 1–100) wrapped around conditional if-else
tatements (testing for divisibility with 3 or 5, respectively, whether a
ord of length 4 is encountered). In addition, either problem features
n exceptional case (when a particular number is encountered (3 × 5 =

15), respectively, when the a particular letter (’e’) is encountered at the
end of a word). In fact, later editions of our CS1 course has featured
FizzBuzz as a mandatory exercise; and it has even been used it as the
experimental task of another controlled experiment (Kristiansen et al.,
2023).

The analysis task was administered and solved on paper, while the
synthesis task was administered on paper, but solved on subjects’ own
personal laptops (to make the setting as natural as possible).

4.4. Task assessment

The tasks were graded by two of the authors, thoroughly marking
and counting different types of errors in continuous discussion. All
student solutions were assessed from printed paper anonymized so

as to hide (blind) the treatment exposure (heat, noise, alcohol, xor
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base) from the authors performing the assessment. For both tasks, the
dependent variable, performance (of a participant), was measured by
correctness score and from that a derived sufficiently correct (boolean

ndicator) as well as task completion time (in seconds). Thus, the per-
ormance of a participant for each of the tasks was thus captured by a
riplet:

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑛𝑒𝑠𝑠 𝑠𝑐𝑜𝑟𝑒, 𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑙𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡, 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒).

Reading programs. For task 1, the correctness score (an integer from
0 to 10) was computed quantitatively as the number of correct out-
puts of the program as predicted by the student with an extra point
for correctly predicting the number of outputs (nine). The correct
answer was nine consecutive numbers: 2, 1, 0, 8, 5, 2, 20, 13, 6.
In addition to the richer 0–10 correctness score, we also derived a
simpler sufficiently correct (boolean indicator) which deems a solution
‘‘(sufficiently) correct’’ whenever a student predicts all-but-one of the
numbers. (The reason behind the slight error tolerance in scoring comes
from the Danish grade scale where the maximal grade tolerates a bit
of imperfection;1 see, e.g., Appendix A of Brabr and Dahl (2009).) A
maximum task execution time (12 min) was imposed to represent the
inability of a participant to finish the task.

Writing programs. For task 2, two of the authors assessed code so-
lution printouts. The code solutions were graded qualitatively by look-
ing closely at six distinct qualities a correct solution would have. Each
of the six qualities were assigned a distinct color (were, for instance,
orange corresponded to code checking for an ‘e’). The corresponding
code lines were highlighted on the printouts for easy post-assessment
score discussion and reconciliation:

loop through input and (gray)
...count the number of (green)
...words that have (purple)
...exactly 4 characters (blue)
...and end with (yellow)
...an ‘e’. (orange)

Typically incorrect solutions and how to score them were discussed
and reconciled at a meeting between the two assessing authors, minor
scoring differences were resolved by taking the average of the scores
among the two authors. Each quality (color) that was addressed in the
code was awarded one point, cumulatively giving rise to a score from
0 to 6 (with the possibility of half points due to averaging between the
two authors). Task 2 was assessed qualitatively so as to provide a richer
score than a quantitative (boolean) yes/no functional correctness score.
A solution was deemed sufficiently correct if it incorporated sufficient
aspects of a correct solution (a correctness score of at least 41).

.5. Subjects

Programming novice participants were recruited from the student
opulation of the IT University of Copenhagen (ITU). To qualify for
dmission, students had to have successfully completed the CS1 (In-
roductory Programming) course, which is a mandatory first semester
ourse of the Bachelor in Software Development. At ITU, CS1 is a
5 ECTS2 first-semester course teaching the basics of imperative and
bject-oriented programming with a four-week group project in the
nd.

Neither gender, age, nor other distinctions were relevant. However,
ith respect to alcohol condition, as the formula used to calculate the
mount of alcohol to administer to reach a given treatment level is

1 [Translated from Danish]: The (maximal) grade in the Danish scale (12)
s awarded for an excellent performance which completely meets the course
bjectives, with no or only a few insignificant weaknesses.

2 One academic year is 60 ECTS (European Credit Transfer and
Accumulation System).
6

Table 1
Demographic information.

Agea # or %b

18–19 7
20–21 27
22–23 38
24–25 10
> 26 14
Unspecified 4

Gender (self-reported) # or %b

Female 24
Male 76

Study programme # or %b

Software Development (BSc) 80
Computer Science (MSc) 13
Other (IT-related) 7

a The legal age for purchasing and consuming alcohol in Denmark is
18 years.
b Since 𝑁 = 100, each number of participants also corresponds to
the percentage.

based on the BMI level ranging from 181∕2 to 30 (Jr. et al., 2014). To
avoid discrimination in recruitment, this cutoff was applied both during
recruitment and when assigning treatments to participants. Eventually,
no data point had to be dropped for this reason.

Table 1 shows demographic information about the participants.

4.6. Ethical considerations

The study underwent review and received ethical approval by the
university. All rooms had dedicated monitoring personnel during the
experiments. All participation was based on volunteering. No extra
credit or monetary reimbursement was offered, to ensure subjects were
under no pressure to participate. All subjects were offered snacks and
soft drinks after the experiment. No sensitive data was collected about
the participants (except for weight, for those who participated in the
alcohol condition, and this was only used to calculate required amount
of intake), and all data was anonymized in compliance with GDPR
regulations.

4.7. Design

The experiment was run as a between-subject study. Participants
first signed an informed consent form, where they agreed to potentially
be exposed to one of the four conditions. Since the heat and alcohol
conditions required some setup (the heat condition required significant
preparation to insulate and heat up the room, and the alcohol con-
dition required participants to show up fasting; therefore it was only
scheduled in the morning), participants were assigned quasi-randomly
to conditions based on their availability.

Upon arrival at their scheduled experiment date and place, partic-
ipants in the alcohol condition were weighed to determine amount of
alcohol to consume (as described in Section 4.2.3), and participants of
the heat condition were asked to spend 10 min cycling on a stationary
bike (as per the description in Section 4.2.1.) Participants of the alcohol
condition were asked to consume the alcohol, wait 25 min (under
supervision), and their BAC level was measured and noted.

The tasks were then administered, and a dedicated research assis-
tant (in some instances, one of the authors) supervised the completion
of the tasks, as well as the compliance of the relevant condition in the
room. Participants were given a maximum of 12 min to complete each
task.

Upon completion of the tasks or the elapsed 2 × 12 minutes,
each participant was interviewed by one of the authors about their
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Fig. 3. Verification of compliance by quantitative metrics on Heat , Noise, and Alcohol as captured by a thermometer, sound-level meter, and alcometer in Celsius (◦C), decibel
(dBA), and BAC (blood-alcohol concentration) per mille (h), respectively.
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experience. All participants (especially relevant for those under the heat
and alcohol condition) were invited into a supervised ‘‘recovery’’ room,
where they were offered snacks and soft drinks. Participants in the
alcohol condition were thoroughly monitored and were asked not to
leave the recovery room before their BAC had dropped to the legal limit
for driving or below, unless they signed an explicit waiver. This did not
cause any form of conflict or friction, and virtually all participants were
happy to ‘‘wait it out’’.

4.8. Data analysis

Whenever we compared normally distributed data vectors (the per-
formance scores or the time spent on a task), we used a T-test; for non-
parametric data we used the Mann–Whitney U-test. For ascertaining
whether the data is normally distributed, we used the Kolmogorov–
Smirnov Test. For comparing two population proportions (the ratio
performing a task appropriately under a treatment as compared to the
base condition), we will use the Z-test.

We used one-tailed tests when comparing an adversarial condition
(heat, noise, or alcohol) versus the base condition, disregarding the
possibility that people perform better under the physical stress condi-
tions than under the base one—a reasonable assumption in line with
recommendations for a study under inferior conditions (Kimmel, 1957).
We adopt a 95% confidence interval with an 𝛼 of 5%.

5. Results

We begin by reporting the results of the compliance verification,
then we consider the results of reading programs (analysis) followed
by that of writing programs (synthesis).

5.1. Compliance verification

For all conditions of the experiment, we used sensor equipment to
measure the levels of Heat , Noise, and Alcohol in order to quantify
compliance with the experimental setup.

Heat: Fig. 3(a) shows a boxplot of the measurements under the heat
condition. The temperature measured was 37.5 ± 2.8 ◦C; the lowest
spike in temperature was 34.5 ◦C (94◦F; most likely in connection with
he experiment room door opening to allow for a participant to enter
r leave), the highest was 39.0 ◦C (104◦F). The relative humidity (RH)
tayed around 50% during the experiment and never went outside the
ange from 45% to 55%. In terms of heat stress, a temperature of 37.5 ◦C
t 50% RH corresponds to a Wet-Bulb Globe Temperature (integrating
emperature and humidity) of 28.7 ◦C WBGT (83.7◦F WBGT). The
7

s

eat condition thus represents an exposure to approximately 37.5 ◦C
(99.5◦F) (at 50% RH) corresponding to the experimental design.

Noise: The average SPL (Sound Pressure Level) over the first five
minutes (300 s) of the signal was 79.6 dBA, with a median of 80.0
dBA, a standard deviation of ±2.8 dBA, and a maximum of 85.1 dBA
(attained only once, for one second). Fig. 3(b) shows a boxplot of the
noise readings in decibel (dBA) from the SLM. We note that we stayed
clear of the EU regulatory maximum sound level for personal music
players (Parliament, 2003) of 85 dBA, which is regarded as workplace
safety-critical intensity (Welleschik, 1979). The Noise condition thus
epresents an exposure to approximately 80 dBA as we aimed for.
Alcohol: Fig. 3(c) shows the blood-alcohol percentage (BAC) in

per mille (h) as measured by the police-grade Lion Alcometer®700
breathalyzer. According to our experiment protocol, we conducted a
reading 25 min after ingesting the alcohol, just before the tasks; on
average, the subjects attained a concentration of 0.60h with a standard
deviation of ±0.17h. Recall that the intoxication increases linearly
until maximum concentration (𝐶max) is reached 𝑇max = 36 min after
ingestion (Jr. et al., 2014). If we extrapolate from our data, we arrive
at an estimated maximum concentration of 0.87 ± 0.24h which is fairly
close to the intended maximum concentration of 1.0h. We also did a
measurement upon exit from the experiment room which occurred
53 ± 5 min after ingestion and produced a reading of 0.59 ± 0.08h.
According to the alcometer, the average concentration during the tasks
was 0.73h (see the dashed line of Fig. 3(c)). If we instead calculate
the average intoxication based on Widmark’s formula, we get an average
concentration of 0.85h during the tasks, close to the intended 1.00h
oal.

We hypothesize that the lower BAC than anticipated might be due to
unctional tolerance of subjects. The participating students are probably
ccustomed to consuming alcohol on a regular basis. In Denmark, on-
ampus ‘‘Friday Bars’’ are normal, where many students (and faculty)
o for a beer on Friday afternoons. Danes are generally among the
eaviest drinkers in Europe (OECD, 2019), and 89% of young Danes
etween 15–25 drink alcohol at least once a month (19% drink alcohol
t least twice a week) (Hansen et al., 2022). An experiment conducted
n senior US college students that frequently exceed legal intoxication
evels (Friel et al., 1995) proposes a revision of Widmark’s constants
o 𝜌♂ = 0.71 and 𝜌♀ = 0.65 as well as delays the time of maximum

concentration to 𝑇max = 39.6 minutes. Extrapolating from this later
apex, gives our subjects an estimated maximum concentration of 𝐶max
= 0.96h, matching our intended 1.00h target.

5.2. Reading programs (analysis)

The top rows of Table 2 shows the average and normalized correctness
core, completion time, along with the ratio of sufficiently correct answers
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Table 2
Results for reading (analysis task: T1) and writing programs (synthesis task: T2) under the influence of Heat, Noise, and Alcohol compared to the Base condition. Correctness score
and completion time (for subjects completing the tasks within the 12’ time limit) are analyzed using a T-test whenever the data is normally distributed, U-test otherwise (†); for
sufficiently correct, a Z-test is used for comparing the ratios. Statistical significance (𝑝 ≤ 0.05) is indicated with a star (⋆).

Task Treatment Correctness score Sufficiently correct Completion time Interpretation

Average Normalized 𝑝-value Ratio Normalized 𝑝-value Average Normalized 𝑝-value

Analysis

Base 8.4 100% 20/25 100% 6’25’’ 100%
Heat 7.8 92% 0.43† 17/25 85% 0.17 5’12’’ 81% 0.12 inconclusive
Noise 6.9 82% 0.25† 14/25 70% 0.034 ⋆ 6’20’’ 99% 0.45 significantly worse
Alcohol 7.0 83% 0.12† 14/25 70% 0.034 ⋆ 7’03’’ 110% 0.20 significantly worse

Synthesis

Base 4.2 100% 17/25 100% 9’30’’ 100%
Heat 3.9 92% 0.25 17/25 100% 0.50 9’24’’ 99% 0.46 inconclusive
Noise 3.7 89% 0.25† 14/25 82% 0.19 9’13’’ 97% 0.41 inconclusive
Alcohol 3.4 82% 0.029 ⋆ 10/25 59% 0.023 ⋆ 9’20’’ 98% 0.45 significantly worse
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for the analytical read program task under the four conditions: Base,
eat , Noise, and Alcohol.
Base: Among the M = 25 participants assigned to the Base condition,

he average correctness score was 𝜇 = 8.4 which we normalize to
00% and use for subsequent comparison. The sufficiently correct ratio
hows that 20 out of the 25 participants assigned to the base condition
orrectly predicted all-but-one of the outputs. Again, we normalize this
o 100% for subsequent comparison. Finally, we see that the average
ime among the subjects that completed the task within the 12’ time
imit was 6 min and 25 s (normalized as 100%).

Before we consider the three treatments, we duly note that they all
as expected – resulted in inferior scores; i.e., below the normalized

aseline score of 100%.
Heat: Under the Heat condition, we observe that the average cor-

ectness score drops to 𝜇 = 7.8 corresponding to 92% (compared
o the Base condition). However, the drop in correctness score is not
tatistically significant (𝑝 = 0.43) based on a U-test (since the data is
ot normally distributed). The correctness ratio drops insignificantly
𝑝 = 0.17) to 17 out of 25 (which is 85%). Interestingly, participants
re faster although not significantly so (𝑝 = 0.12) under the heat
ondition, taking only 5’12’’ to finish the task, on average. Adopting
conventional 95% confidence interval, this means that, statistically,

he results are inconclusive in establishing that the Heat condition is any
‘worse’’ than that of Base. Considering we see a drop in the absolute
core, it is possible that a larger group of participants would reveal
ignificant results.
Noise: For the Noise condition, the average correctness score drops

ven further to 𝜇 = 6.9 corresponding to 82% of the Base score.
However, the decrease is insignificant (𝑝 = 0.25 based on a U-test). Suf-
ficient correctness drops from 20 to 14 out of 25 which is statistically
significant (𝑝 = 0.034). The average time to complete the task is almost
the same as that of the base condition. In conclusion, correctness under
the noise condition is significantly worse than the base condition which
is recorded to the far right in the top rows of Table 2.

Alcohol: Finally, the Alcohol condition yields an average correctness
core of 𝜇 = 7.0, corresponding to 83% of the base condition. Again,
he drop is insignificant (𝑝 = 0.12). Sufficient correctness is the same
s that of noise and thus again statistically significantly worse than the
ase condition (𝑝 = 0.034). Students subjected to alcohol are generally
lower, taking a bit more than seven minutes, on average, to complete
he analysis task. (Although slower, the difference is not statistically
ignificant.) In summary, correctness under the alcohol condition is
ignificantly worse than the base condition.

.3. Writing programs (synthesis)

The bottom rows of Table 2 presents the results of writing programs
with the synthesis task of implementing (writing) a Java method based
on a specification.
8

Base: Under the base condition, the average correctness score was
𝜇 = 4.2 which, again, we normalize to 100%. Of the 25 solutions, 17
were deemed sufficiently correct which we normalize to 100%. Among
the subjects finished the task within the 12’ time limit, the average
completion time was nine and a half minutes. Again, we normalize this
to 100%.

Heat: Under the Heat condition, we see that the average score drops
to 𝜇 = 3.9 corresponding to 92% of the base condition. However, the
drop is not statistically significant (𝑝 = 0.25) compared to the base
condition. Both correctness and time are comparable to that of the base
condition. In conclusion, the results are inconclusive and do not establish
that the heat is significantly worse than the base condition; at least, not
for short-term exposure under the levels tested.

Noise: The average correctness score under noise was 𝜇 = 3.7 cor-
responding to 89% which is an insignificant drop (𝑝 = 0.25) compared
o the base condition. Neither the decrease in the ratio of sufficiently
orrect programs from 17 to 14 out of 25 nor in time amounts to
ignificant changes (𝑝 = 0.19, respectively, 𝑝 = 0.41). In summary, the
esults are inconclusive in establishing that noise is worse than the base
ondition. Programmers exposed to noise appear to be more resilient in
riting programs (synthesis) than reading programs (analysis), which

howed a more significant drop in correctness.
Alcohol: Unsurprisingly, we see significant results under the Alcohol

ondition where average correctness score drops to 𝜇 = 3.4 which
mounts to 82% (𝑝 = 0.029). Also for sufficient correctness, the drop
rom 17/25 to 10/25 is significant (𝑝 = 0.023). The time for writing
rograms, however, is not significantly different from that of the base
ondition (𝑝 = 0.45). Thus, writing a program under the Alcohol
ondition is statistically significantly worse than under the Base condition.

. Discussion

We first interpret the results and consider the qualitative interviews;
hen, we show an attempt to compare the treatments; i.e., Heat vs Noise
s Alcohol in terms of their overall negative effects on performance.

.1. Result interpretation

Heat: We saw limited reduction in absolute performance on both
he analysis and the synthesis task. During the post-experiment inter-
iew, several participants (e.g., P20, P22, and P37) described their
xperience in terms of primarily physical factors, such as sweating,
ut did not mention cognitive challenges. One (P55) mentioned often
orking under more challenging conditions: ‘‘It went well; I work here
n the summer which was warmer’’ (A/C is not common in Scandinavia).

Presumably, the reason for the modest effects under the Heat con-
ition is that the experimental setup represents short-term sensory dis-
omfort (as in external skin temperature increase) rather than long-term
eat exhaustion (as in internal core body-temperature overheating). For
nstance: ‘‘I didn’t feel the heat at first, but I slowly got more heated up
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which made me more mentally tired. My focus went from the assignment to
the heat’’ (P86). A contributing factor is that the immediate negative
effects of the heat could have been mitigated by positive effects of the
short-term aerobic exercise prior to the task solving, which has shown
to improve learning and memory functions in young adults (Blomstr
and Engvall, 2021).

We speculate that prolonged exposure would increase the nega-
tive effect on the participants, as has been found in previous stud-
ies (Yeganeh et al., 2018). In fact, a couple of days after the experiment,
P86 reached out and commented: ‘‘Half an hour after the experiment, I
was completely exhausted; I wasn’t even be able to look at a screen, and
I didn’t do anything productive for the rest of the day’’. (We, of course,
apologize for this.) It would thus be interesting to study the effects of
longer-term heat exposure, but considering the known risks of heat stress
and dehydration, this may not be ethically justifiable.

Noise: The results suggest that reading a program (analysis) is more
affected than writing a programs (synthesis) under the influence of
Noise. Recall that prior research has established that specifically reading
nd recollection is negatively impacted by noise from nearby human
peech (Salamé and Baddeley, 1982). Many participants mentioned
hat the difference in performance was due to the arithmetic and
athematics involved, as well as having to keep track of and remember
umbers. For instance: ‘‘I could feel an effect on me because of the noise.
..] The first [analysis] task was the hardest with the noise. Arithmetics
n your head was complicated - holding on to numbers, getting bombarded
ith noise’’ (P77); ‘‘It was hard to focus - hard to write down numbers’’
P29). It is possible that the synthesis task relies on more coding
luency (i.e. Izu and Alexander (2018)), and therefore is less affected
y external stress.

Several participants offered an alternative explanation. They simply
ot used to the noise over time and were less affected in the second
later) synthesis task than in the first (earlier) analysis task: ‘‘I just had
o get used to the voices. In the beginning, I was very distracted, but then
found my focus. [..] It was more distracting for the first task, because
got used to the noise [for the second task]’’ (P61), ‘‘It was difficult to
oncentrate because of the noise. At some point, I ‘cancelled out’ the noise,
ut it was still annoying to know that it was there’’ (P76).

It could be true for all conditions that the first task offered a chance
o ‘‘get used to’’ the physical stressor, and the performance during
he second task would suffer less. Particularly since we see that the
ercentage scores for all three conditions are generally worse for the
irst (analysis) than for the second (synthesis) task. Temporal adapta-
ion was, however, only mentioned directly by participants under the
oise condition, and we hypothesize that Noise mitigation may depend
ore on cognitive resilience (Staal et al., 2008), since previous research
as found no physiological impact of noise (Evans and Johnson, 2000;
anbury and Berry, 2005; Jahncke et al., 2011). It is interesting, that
revious research has shown that performing a cognitively challenging
ask can significantly impair subsequent cognitive performance (Mar-
in et al., 2021). However, since the scores for the analysis and the
ynthesis task are not directly comparable, it is more interesting that
he normalized scores for the synthesis task are generally lower than
he normalized scores for the analysis task.

It is likely that extended exposure to a noisy environment would
ause performance to follow a diminishing trajectory as cognitive re-
ilience is depleted. However, it is also likely that certain cognitive
asks suffer more from physical stressors than others (Martin et al.,
019), rendering the division in programming analysis vs synthesis
ighly important.
Alcohol: Alcohol is clearly detrimental to cognitive performance,

n analysis as well as synthesis tasks.3 Many participants described

3 We note, that the prescribed BAC in this experiment did not reach the
allmer Peak, thus we are unable to refute this hypothesis: https://xkcd.com/
23/
9

m

problems with focus and concentration: e.g., ‘‘Hard to focus due to the
alcohol’’ (P73) and ‘‘Harder to concentrate because of the alcohol’’ (P33).
Curiously, we also found repeated mentions of a loss of sense of time:
‘‘My sense of time was completely gone’’ (P03), ‘‘My time perception was
way off’’ (P39), & ‘‘I did not even realize time had passed’’ (P24).

The cognitive effects of intoxication with alcohol are well-known,
s is the approximate trajectory that they follow (Fig. A.5(c)). Inter-
stingly, for the analytical task, the participants actually had a lower

average correctness score under Noise than under the Alcohol condition,
although the difference is insignificantly only one percentage point
(82% vs 83%). Our results approach knowledge of how these effects
‘‘translate’’ to the domain of software engineering or programming,
approaching a scale with which to compare various physical factors or
stressors.

6.2. Towards a comparison of treatments

We now consider how the treatments could be compared in terms
of their adversarial effect by presenting a model scale of cognitive
performance impact (Fig. 4) , based on the correctness scores. The
comparison is intended to facilitate and spark an informed conversation
about the effects of work environments to cognitive performance by
‘‘translating’’ the effects of physical stressors into a more tangible scale
(here, the effects of alcohol intoxication). Aside from being based on
a fairly small number of data points, the comparison is based on a
number of assumptions; in particular, approximation, comparability and
linearity each of which will be discussed in the following before we
present the results of the approximate comparison.

Approximation: The figure presents ‘‘best estimates’’ based on
orrectness scores of an experiment involving M=25 subjects per con-
ition. It is an approximation, and results are expected to vary based
n both internal and external conditions (cf. Section 7).
Comparability: The model assumes that these treatments can be

ompared only in terms of their quantitative effect on a subject in
erms of task correctness. Qualitatively, the effects are obviously highly
ifferent. The model also does not consider individual differences in
ognitive resilience, but approximates an average effect overall.
Linearity: Second, for simplicity, the model assumes that effect is

inear in the treatment dosage and thus uses interpolation; estimating,
or instance, half treatment to incur half effect. It is obviously likely that
he actual function is polynomial, or even more of a threshold function.

e hope future research will reveal more information on this.
The severity and duration of exposure to a given stressor affects

he degree to which performance is impaired, as does the complexity
f the cognitive task and the skill or familiarity of the individual
erforming the task (Martin et al., 2019). The purpose of this model
s to approach an illustrative scale of impact on cognitive performance
n novice programmers in the domain of software engineering.

We infer from Fig. 4 that for the reading program task (analysis), the
hort-term effects of the environmental condition ‘working in a 38◦C
oom’ could create a loss in performance equivalent to that of a BAC
f 0.40h (or drinking around 2 alcoholic units for an average-weight
ale). An environmental noise level of 80 dBA could yield a loss in

ognitive performance equal to a BAC of 0.90h (or consuming around
alcoholic units).

When writing programs, effects are smaller, but discernible. A
eated room of 38◦C causes a performance loss equal to that of a
AC level of 0.38h (or consuming around 11/2–2 alcoholic drinks
or an average-weight male), and a noisy room of 80 dBA equals the
erformance loss of a BAC of 0.52h (around 21∕2 alcoholic units).

Such comparisons, albeit simplified, may encourage reflection on
he influence of environmental factors on the performance of workers
utside the domains of physically demanding occupations. The model
resented is an initial step towards formalized scales of cognitive
mpact; further studies in this area could help refine and expand the

odel.

https://xkcd.com/323/
https://xkcd.com/323/
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Fig. 4. Approximated comparison of programming under the influence of Heat vs Noise vs Alcohol. The figure is based on a number of simplifying assumptions: (i) Approximation –
he effects are approximated based on the results of an experiment with M = 25 subjects in each condition; (ii) Comparability – the effects can be compared in terms of their overall
erformance impact; and (iii) Linearity – an increase/decrease in the exposure level will impact the effect linearly. (Interpolated values are written in washout colors; extrapolated
alues beyond the levels studied are in gray and parentheses.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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In light of recent research by Newman et al. (2023) showing many
oftware developers occasionally perform their work under the influ-
nce of alcohol, and that their consumption of alcohol has increased
uring and after the Covid-19 pandemic, it is worth reflecting on the
mpact of this result. First, we note that the BAC induced in this exper-
ment was higher than most limits for, e.g., safely operating a vehicle.
t may be meaningful performing future studies with participants who
ave consumed less alcohol, equivalent to one or two drinks. Second,
roductivity (in the form of time to complete a task or the correctness
f the solution) is only one aspect of performance enhancement. The
xperience of creativity is another. But a third aspect mentioned as a
eason to program under the influence is simply work enjoyment. We are
ot attempting to advocate for casual intoxication testing or alcohol
olicies in home offices; simply that it is considering factors beyond
roductivity when interpreting the results of this experiment.

Also, when considering our results, it is important not to confound
ovice (student) programmers with professional software developers.

. Threats to validity

First, we consider how the data was obtained and measured in
he experimental setup (construct validity). Second, we investigate the
hreats involving the methodology and results (internal validity). Third,
e examine the generalizability of our findings (external validity).
inally, we consider the threats to the conclusions derived from the
tudy (conclusion validity).

.1. Construct validity

Does the experimental setup sufficiently control the treat-
ents? Failing on controlling the experiment setup would invalidate

he study, therefore, the setup has been meticulously described in
ection 4 and the compliance for each treatment has been verified as
etailed in Section 5.1. Stronger controls could be set in place (e.g., in-
ernal thermometer for the Heat condition and blood samples for the
lcohol condition). However, the sophistication level of the instrumen-

ation used was deemed sufficiently accurate for the measurements
equired for this experiment. Additionally, before-experiment pilot and
10

s

uring-experiment compliance verification (Section 5.1) demonstrated
hat the measurements obtained with the setup were as intended.
Appropriate level of treatments? The considerations for the de-

ign of the experiment were twofold: on one hand, a tradeoff between
etectable effect (level should not be too low) and safety for experi-
entation with human participants (level should not be too high); on

he other, being true to experienced working conditions. Therefore, we
sed: (a) heat of 38 ◦C as a proxy for an office during the summer
ithout air-conditioning (which is common in Scandinavia); (b) noise
f 80 dBA as a proxy for a discussion between co-workers in an open-
ffice environment or noise in the home office environment; and (c)
lcohol of 1.0h included for comparative and explorative purposes (see
ection 6.2).
Was the task of appropriate difficulty? The tasks were designed

ased on the curriculum of the CS1 course, which all participants were
equired to have passed; were piloted on TAs which found them of
ppropriate difficulty; and, were able to differentiate the treatments
rom the base condition (i.e., average performance scores were below
hat of the base condition for all treatments).
Measuring heat exposure? As participants are exposed to the heat

ondition, the core body temperature rises only slowly due to the body’s
dvanced mechanisms for thermal regulation (Nakamura, 2011). We at-
empted to control for this by having participants cycle for ten minutes
rior to the experiment, which was chosen in an attempt to rise core
emperature without causing physical exhaustion or adrenaline from
hysical exercise. A more invasive experiment, monitoring the internal
ore body temperature would have required sophisticated equipment
thermometer pills), medical personnel on stand-by, and a much more
igid ethical approval.
Measuring alcohol intoxication? The absorption (and elimina-

ion) of alcohol depends on prior food intake since alcohol predom-
nantly enters the blood stream via the small intestine. Indeed, Wid-
ark’s formula assumes an empty stomach. To control for this, we

sked participants not to eat anything before arriving for the experi-
ent (aside from a small coffee), and each participant for the Alcohol

ondition was asked upon arrival to confirm that they had not eaten.
owever, we had no way of ensuring participant compliance with this

tipulation.
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7.2. Internal validity

Were the subjects stressed or intimidated? Since there is a risk
f students being intimidated, supervising research assistants were
nstructed to observe, take notes, and not intervene. Participants were
lso informed that once the experiment had started, the supervising
ersonnel could only monitor the room and not provide answers to
uestions. We employed research assistants to avoid any power rela-
ions between professors (PIs/authors) and students. For a few of the
xperiments, one of the authors acted as room supervision, but was
ever standing in physical proximity of the students and could not see
ow they solved the tasks.

In any experiment setup, there is a risk that simply being ob-
erved increases cognitive load, e.g., Behroozi et al. (2018, 2020).
he tasks are therefore not necessarily directly comparable to realistic
rogramming tasks performed in a professional setting. However, since
ll participants were part of the experiment and therefore all being
bserved, this effect should influence all participant groups equally. It is
ossible that it would increase detrimental effects for individuals with
ower cognitive resilience. Further studies of higher ecological validity
ould have to be carried out to explore this effect.
Individual differences between subjects? The model in Fig. 4

ssumes an average effect overall and does not consider individual dif-
erences in prior experience and cognitive status. People may respond
ifferently to stressors depending on expertise, fatigue, and individual
esilience. The experiment assigned participants randomly to one of the
our conditions, hoping to mitigate effects attributable to individual
ifferences. (After all, the Central Limit Theorem stipulates that the
ariance from individual differences will diminish as the number of
ubjects increase.) Future studies, however, could consider investigat-
ng whether certain factors, such as expertise, experience, or situational
xhaustion made people more or less prone to detrimental effects of
hysical stressors (which is likely).
Choice of development environment? We used Java as the pro-

gramming language for the tasks (reading and writing programs) since
it is the language taught on the CS1 course. For the synthesis task,
students used their own computer and development environment to
make the task as realistic as possible and avoid performing poorly or
slowly due to an unfamiliar computer or IDE.

Did the participants know what to do? To ensure that partici-
pants were not affected by different understandings of the setup and/or
the tasks, the research assistant supervising each room was instructed
to brief the participants via a sample of tasks that could have been
expected. At this stage, participants were allowed to ask any question
to clarify the experiment objective and setup. Very few students had
questions about the tasks during this introduction.

Bias from circadian rhythm? Since participants obviously ac-
cepted experiment time slots depending on their availability, there
could be a bias for a so-called ‘‘morning person’’ to get an earlier time
slot versus a ‘‘night person’’ to get a later time slot. We expect this
effect to be minimal since it should apply for all time slots (they were
all based on voluntary sign-up).

Reading always preceded the writing task? The first task was
always reading (analysis, T1), and the second task was always writing
(synthesis, T2). For this reason, there could be ‘‘carry-over effects’’ from
the first to the second task; either in the form of ‘‘getting used to the
stressor’’ or ‘‘cognitive depletion from task 1 to task 2’’. Research has
shown that performing a cognitively demanding task can significantly
impair cognitive performance in subsequent tasks (Martin et al., 2021).
Since the total time requirement to complete both tasks was relatively
short (less than 30 min), we believe such interference to be minimal.

Sober students pre-experiment? We did not test that students
showing up for the experiment (regardless of the condition to which
they were randomly allocated) were, in fact, sober; i.e., with a BAC of
0.0h. Although Danes are frequent drinkers, ‘‘drinking in class [is] not
a common practice’’ (Ladekjær Larsen et al., 2016). Also, none of the
students showed any signs of intoxication when they reported for the
experiment.
11

A

7.3. External validity

Beyond students? The present work intends to reason about novice
university student) programmers reading and writing programs un-
er adversarial conditions. It is hard to know to what extent the
esults generalize to professional developers. For noise, for instance,
t is possible that professionals with long term exposure to a noisy
ork environment would develop a resilience by ‘‘getting used to’’

he noise. Similar reservations could apply to heat where individuals
ould ‘‘get used to’’ working in a hotter environment after longer term
xposure. For alcohol, we expect functional tolerance will play more of
role (Tabakoff et al., 1986) for more seasoned, alcohol-accustomed

evelopers. For all stressors considered, we hope future work will
xplore the generalizability of their effects on professional developers,
ncluding to what extent individuals are capable of developing ‘‘coping
trategies’’ for dealing with the stressors.
Beyond lab setting? Obviously, the experiment was carried out in

controlled environment. However, experiments were performed in
amiliar surroundings for the subjects at the university—although in
ecture rooms rather than group work rooms. This design was deemed
ptimal in terms of balancing internal/external validity (Curran and
irth, 2004).
Beyond Denmark? The experiment was carried out in a Danish

ontext, using Danish students. We expect the results to generalize
o other populations with two reservations: (1) Danes might be less
esilient to heat than someone growing up in a warmer climate; and
2) Danes might be more tolerant to alcohol than students from many
ther countries (cf. ). In general, it thus may be that the effect of heat
s even lower whereas the effect of alcohol is even higher.
Beyond artificial tasks? We deliberately tested both reading and

riting programs. A more realistic programming or software develop-
ent task is likely to be a combination of these two activities. To make

he experiment feasible without too much time investment from the
ubjects, the programming tasks were fairly simplistic. Whether the
esults generalize to larger programs (which a worker may be more
amiliar with, if they have worked on the same project for extended
ime) is presumably a matter of tension between effects potentially
ncreasing due to prolonged exposure (Martin et al., 2021) versus
ffects decreasing due to the subjects adapting to the conditions over
ime. The former might be applicable to the heat condition; the latter
o that of noise.

.4. Conclusion validity

Treatment comparison? The discussion surrounding Fig. 4 is based
n a number of simplifying assumptions; in particular, comparability
f the effects along with linear interpolation and extrapolation of the
ffects. Importantly, this is exclusively an issue (conclusion validity
hreat) for Fig. 4 and Section 6.2; the results in Section 5 are unaffected
y these assumptions. Despite the validity issues, we retain Fig. 4 to
park a discussion about the negative impact of heat and noise on
rogrammers and because the figure is the best approximation based
n the data from our experiment with a limited number of students
N=4 × 25). Any improved future study would simply give rise to
n equally improved comparison diagram (i.e., an improved version of
ig. 4).

. Conclusion

Understanding the impact of environmental stressors is important.
hile physical stress has been studied to a larger extent in domains

f e.g. military personnel, professional athletes, aircraft pilots, doc-
ors, nurses, and long-haul drivers, studies of physical stressors to the
ognitive performance of students and office workers is more limited.

dditionally, few studies actively compare the impact of different
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stressors, rendering comparison of percentage metrics from different
contexts somewhat meaningless.

In this article, we presented a study of 𝑁 = 100 university student
subjects under the influence of Heat , Noise, or Alcohol compared to

base condition. The subjects were assigned two programming tasks
one testing reading programs (analytical skills) and one writing

rograms (synthesis skills) – to mimic the constituents of common
rofessional programming work. For each participant and task, we
easured a correctness score, a derived sufficiently correct (boolean)

ndicator, and task completion time.
The results showed no statistically significant evidence of Heat

38◦C, or 100◦F) impacting neither the analysis nor the synthesis task.
oise (80 dBA) was detrimental to the analysis, but not the synthesis

ask (at least not to a statistically significant degree). Alcohol negatively
mpacted both the analysis as well as the synthesis task.

Under the Noise condition, the analysis task appears to be signifi-
antly more impacted than the synthesis task. This finding emphasized
he importance of distinguishing between different types of tasks for
uture experiments measuring cognitive performance.

We presented an illustrative model for comparing the three influ-
nces on a scale. The model is based on a number of assumptions, most
mportantly of approximation based on a limited number of subjects,
omparability between influences and subjects, as well as linearity
f impact. We emphasize that this model is a first step towards a
omparative scale, and that future studies are obviously needed to
xplore, modify, and refine this model. The goal of the model is to
park reflection on the relative impact of different environmental and
hysical stressors to the cognitive performance of programmers and
oftware engineers. In particular, we direct to decision-makers with a
ay in the work environment for novice programmers (and, presumably
12

o some degree, professional developers).
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Appendix
See Figs. A.5 and A.6.
Fig. A.5. Heat, Noise, and Alcohol at increasing intensities. (Base and experimental conditions are highlighted in bold face; conditions beyond the intensity levels tested are
included in gray for context.) (see Rotronic, 2023; Chepesiuk, 2005; Anon, 2022).
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Fig. A.6. The two programming tasks: left (analysis/read programs) & right (synthesis/write programs).
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