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 Partial Reinforcement in Game Biofeedback 
for Relaxation Training 
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Abstract—This paper investigates the effect of reinforcement schedules on biofeedback games for stress self-regulation. In 

particular, it examines whether partial reinforcement can improve resistance to extinction of relaxation behaviors, i.e., once 

biofeedback is removed. Namely, we compare two types of reinforcement schedules (partial and continuous) in a mobile 

biofeedback game that encourages players to slow their breathing during gameplay.  The game uses a negative-reinforcement 

instrumental conditioning paradigm, removing an aversive stimulus (random actions in the game) if players slows down their 

breathing.  We conducted an experimental trial with 24 participants to compare the two reinforcement schedules against a control 

condition.  Our results indicate that partial reinforcement improves resistance to extinction, as measured by breathing rate and 

skin conductance post-treatment.  In addition, based on linear regression and correlation analysis we found that participants in 

the partial reinforcement learned to slow their breathing at the same pace as those under continuous reinforcement. The article 

discusses the implications of these results and directions for future work. 

Index Terms— Biofeedback games, deep breathing, games for health, partial reinforcement, resistance to extinction, skill 

transfer, stress, video games, wearable sensors 

——————————      —————————— 

1 INTRODUCTION

TRESS is a serious problem around the world that af-
fects both health and quality of life. If chronic, stress can 

lead to serious health consequences, e.g. hypertension [1], 
lowered immune function [2], and increased risk of coro-
nary heart disease [3]. It also severely impacts employers 
by reducing worker productivity and increasing 
healthcare costs. To remedy these issues, a number of tech-
nology-based interventions have been developed in recent 
years that allow individuals to acquire stress self-regula-
tion skills. Examples include bio/neurofeedback devices 
[4], meditation apps [5], virtual reality [6] and videogames 
[7, 8]. Particularly promising are interactive tools for stress 
self-regulation that combine biofeedback with games. In 
this approach, physiological sensors are used to monitor 
the user’s stress levels during gameplay, and the game is 
then adapted in a way that rewards relaxing behaviors [9]. 
Prior studies [10-14] have shown that this “game biofeed-
back” approach facilitates skill acquisition and skill trans-
fer.  To our knowledge, however, there is no prior work on 
its long-term effectiveness.  
Game biofeedback (GBF) can be viewed as a form of instru-
mental conditioning in which reinforcements (i.e. rewards 
or penalties in the game) are used to modify voluntary be-
haviors (e.g. increase or decrease breathing rate).  As such, 
it is possible that the long-term effectiveness of GBF may 
be improved by optimizing the timing and frequency of 
the reinforcements.  In fact, a long history of behavioral re-
search shows that the reinforcement schedule can have a 
significant impact on the behavior’s resistance to extinction 

(i.e., the ability to maintain the behavior once feedback is 
removed) [15-18].  The reinforcement schedule determines 
the relationship between an instrumental response and its 
consequence [19]; specifically, a reinforcement schedule 
determines which instances of the responses are reinforced 
or penalized.  These schedules can be broadly classified 
into continuous and partial (or intermittent) reinforce-
ment, depending on whether all or only a percentage of the 
target responses are reinforced, respectively. The more of-
ten a behavior is reinforced during training, the faster it is 
learned. In contrast, the less frequently a behavior is rein-
forced, the harder it is to extinguish, in what is known as 
the partial reinforcement extinction effect (PREE) [19, 20]. 
This effect has been studied in biofeedback applications, 
including teaching control of heart rate [17] and muscle re-
laxation [15], but its effectiveness in game biofeedback for 
stress self-regulation remains open for investigation.  
Accordingly, the goal of this study was to determine 
whether PREE could also be used in game biofeedback as 
a mechanism to improve resistance to extinction of relaxa-
tion skills. Following prior work [9], we used deep breath-
ing (DB) as the voluntary behavior to be reinforced during 
gameplay. DB is regularly recommended as a way to ad-
dress the autonomic imbalance that arises from exposure 
to a stressor [21]: DB recruits the parasympathetic branch 
of the nervous system and inhibits the sympathetic action, 
leading to a calmer state [21]. To answer the overarching 
question of this study, we tested two working hypotheses:  

- H1: Partial reinforcement in GBF increases re-
sistance to extinction of DB skills, compared to 
continuous reinforcement.  

- H2: Continuous reinforcement in GBF promotes 
faster acquisition of DB skills, compared to partial 
reinforcement.   
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To test these hypotheses, we conducted user studies where 
each participant received a single randomly assigned treat-
ment (i.e., partial or continuous reinforcement) or a control 
condition (game without biofeedback). According to hy-
pothesis H1, we expected that participants who received 
partial reinforcement would maintain slower breathing 
rates and lower arousal levels (as measured with electro-
dermal activity) longer in a post-training period than those 
who received continuous reinforcement. According to hy-
pothesis H2, we also expected that participants who re-
ceived continuous reinforcement would lower their 
breathing rates and arousal levels faster during training 
than those who received partial reinforcement. 
The rest of the paper is organized as follows.  Section 2 
summarizes prior work on biofeedback games for relaxa-
tion training and also discusses partial reinforcement 
scheduling in biofeedback applications.  Section 3 de-
scribes our system, including the implementation of con-
tinuous and partial reinforcement biofeedback schedule in 
an adaptive videogame. Section 4 describes the experi-
mental protocol and methodological details, followed by 
results from our user studies in Section 5. Finally, Section 
6 summarizes our findings and provides directions for fu-
ture work.  

2 RELATED WORK  

2.1 Biofeedback games for stress self-regulation 

A few studies over the past three decades have explored 
using biofeedback games to help patients regulate anxiety 
and stress [10, 12-14, 22-26]. In these games, biofeedback 
information is generally presented in the form of an audio-
visual display or via game adaptation, which allows users 
to practice self-regulation skills during gameplay. Along 
with skill acquisition, a handful of studies have also as-
sessed whether relaxation skills learned with biofeedback 
games transfer to scenarios where biofeedback is not pre-
sent [10, 12-14, 22]. In an early study, Larkin et al. [14] ex-
amined the role of heart rate (HR) biofeedback in reducing 
cardiovascular responses to stress.  The authors designed 
a 2 × 2 study with HR biofeedback and contingent rein-
forcement1 as independent factors.  Participants receiving 
contingent feedback with HR biofeedback showed a signif-
icant reduction in HR during post-training (game without 
biofeedback and a novel mental arithmetic task) compared 
to the other groups. In a subsequent study,  Goodie and 
Larkin [25] trained participants to lower their HR while 
performing three tasks (video game, mental arithmetic, 
handgrip) with HR feedback. Then, participants were 
asked to repeat the three tasks and perform a novel task 
(spontaneous speech) without HR feedback. The authors 
observed skill retention (i.e., maintaining a low HR) when 
the three training tasks were performed without biofeed-
back immediately following the training, but only minimal 

 

 
 

1 In contingency reinforcement, the participant’s score was determined 
by their game performance and ability to maintain a low HR. 

skill transfer to the novel post-task or when the three train-
ing tasks were performed after a delay of 1-2 days. Their 
study suggests that successful skill transfer may require 
training under a number of conditions that mimic real-
world scenarios. 
Researchers have also evaluated the effectiveness of im-
mersive games to provide stress training. Bouchard et al. 
[10] developed an immersive virtual reality video game 
with auditory and visual biofeedback to teach tactical 
breathing (a stress management skill) to soldiers. The au-
thors compared this game-based relaxation against con-
ventional classroom instructions. During biofeedback 
training, the treatment group played an immersive first-
person shooter game for three 30-min sessions. In contrast, 
the control group received one 15-min briefing on stress-
management training. Following treatment, both groups 
performed a stressful medical simulation as a post-test, 
during which no audio-visual feedback was provided. The 
authors found that the biofeedback game was more effec-
tive in reducing arousal (measured with salivary cortisol 
and HR) and also improved task performance during the 
post-test compared to the control group.  
Sonne and Jensen [23] presented ChillFish, a breath-con-
trolled biofeedback game for children with ADHD. Chill-
Fish aims to maintain children’s attention by combining a 
breathing exercise with a videogame, so they learn to calm 
down in situations of acute stress. During gameplay, chil-
dren control the size of a pufferfish with their breath; 
slower breathing increases the size of the fish, which al-
lows them to collect more rewards.  The authors reported 
significant increases in heart rate variability (HRV) for the 
ChillFish group compared to other activities (talking and 
playing Pacman), but not when comparing ChillFish 
against relaxation exercises. Dillon et al. [24] studied the 
effectiveness of two mobile games combined with a com-
mercial biofeedback device to reduce stress. The authors 
measured the player’s electrodermal activity (EDA) during 
gameplay and used it to determine progress: the more re-
laxed the player, the greater the progress in the game. 
Their results showed that 30 minutes of training with the 
biofeedback game led to a significant reduction in HR and 
self-rated stress measures, compared to a control group. 
Bhandari et al. [22] presented a music-based respiratory bi-
ofeedback system to teach DB while performing visually 
demanding tasks (i.e. driving). The intervention, termed 
Sonic Respiration, monitored the user’s breathing rate and 
adapted the quality (e.g. signal to noise ratio) of the music 
to encourage slow and DB. The authors compared Sonic 
Respiration against two alternatives: auditory biofeedback, 
where the users heard white noise if their breathing rate 
was greater than the target, and listening to soothing music 
without biofeedback. Sonic Respiration led to lower arousal 
(as measured with EDA, HRV and subjective reports) than 
the two alternatives. More recently, Wang et al. [12] pro-
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posed BioPad, an approach that allows off-the-shelf com-
mercial videogames to be used as biofeedback tools for 
stress training. BioPad uses a cross-over gaming device to 
intercept signals from a game controller, and modifies 
them based on the players’ physiology to promote low 
arousal states. The authors used an immersive car racing 
game and compared two biofeedback mechanisms: car 
speed and visual overlay. In the speed mechanism, BioPad 
modifies the speed of the car based on the player’s breath-
ing rate (BR) i.e., speed decreases with increased BR. In the 
visual overlay mechanism, a graphical overlay is used to 
alter the player’s visibility during gameplay and convey 
physiological information. Experiments showed that, com-
pared to a control group (game without biofeedback), both 
biofeedback groups were able to promote DB and reduce 
arousal (measured by EDA and HRV) during treatment, 
and also facilitate skill transfer during subsequent driving 
simulations.  

In prior work [13], we evaluated the effectiveness of 
three physiological indices (BR, HRV, and EDA) as inputs 
to a game-biofeedback intervention for teaching relaxation 
skills. We found that adapting the game in response to the 
players’ BR led to lower arousal during the intervention 
and higher skill transfer than adapting the game in re-
sponse to the other two physiological indices. The breath-
ing-based intervention was also more effective than a 
standard treatment (DB) and a control condition (game 
without biofeedback). In a follow-up study [11], we evalu-
ated the effectiveness of three biofeedback mechanisms 
(visual biofeedback, game biofeedback and combined bio-
feedback) in teaching relaxation skills. We conducted a 
study to compare the three biofeedback techniques against 
each other, and against a control group in which partici-
pants played a game with no biofeedback. Our results 
showed that game biofeedback outperforms visual bio-
feedback in terms of lowering arousal during treatment 
and transferring these skills to a subsequent cognitively 
demanding task not used during treatment. We also found 
that delivering both forms of biofeedback simultaneously 
leads to higher skill acquisition and transfer than deliver-
ing them in isolation. 

2.2 Partial reinforcement in biofeedback 

Multiple studies have investigated the effects of partial 
reinforcement (PRF) and continuous (CRF) on skill acqui-
sition and resistance to extinction [15, 18, 27-33]. In early 
work, Gatchel [28], compared a CRF schedule (100% rein-
forcement) against fixed ratio schedules of 20% (FR-5) and 
10% (FR-10) in modifying (increasing and decreasing) 
user’s HR. In a fixed ratio schedule, every 5th (FR-5) or 10th 
(FR-10) response was reinforced, i.e. HR biofeedback was 
presented through a visual display. The CRF schedule led 
to the highest increase in HR compared to the FR-5 and FR-
10 schedules. When comparing the deceleration of HR, all 
three feedback groups (CRF and two PRF) performed bet-
ter than control groups. The author also conducted a repli-
cation study and again showed that the ability to control 
one’s HR varies systematically with the frequency of feed-
back. However, no results on resistance to extinction of 
skills were presented. 

Gamble and Elder [30] investigated the effects of auditory 
biofeedback along with verbal encouragement on modify-
ing (increasing/decreasing) diastolic blood pressure. The 
authors compared a CRF schedule (i.e. 100%) with PRF 
scheduled according to a variable ratio of 50% and 25% re-
inforcement (i.e. feedback was provided probabilistically 
on 50% or 25% of the desired responses) and a no feedback 
condition. The CRF condition led to faster acquisition of 
skills (i.e. changing blood pressure), whereas the PRF 
groups showed a greater resistance to extinction.  In a fol-
low-up study, they investigated the effects of different re-
sponse magnitude criteria and feedback schedules (0%, 
50%, and 100%) on acquisition and extinction of changes in 
diastolic blood pressure [29]. They found that CRF sched-
ules of positive reinforcement produced more rapid acqui-
sition of bidirectional blood-pressure control than the PRF 
and control groups. They also observed that PRF was su-
perior to the control group in modifying blood pressure. 
The authors reported that the PRF condition showed mar-
ginally greater resistance to extinction than the other 
groups. 
Mckinney et al. [17] studied the effects of contingently 
faded biofeedback on reducing HR. They compared a CRF 
schedule against faded PRF (75% reinforcement followed 
by 50% and 25%) that also included contingent rewards. 
Contingently faded PRF biofeedback led to a significantly 
larger reduction in HR during the training session com-
pared to the CRF, and this effect was maintained during 
the extinction session. This result suggests that combining 
reinforcement fading (75% to 50% to 25%) and contingent 
reinforcement may be an effective paradigm for teaching 
individuals to reduce their HR and retain these skills post 
training. The authors noted that while HR reductions can 
be attained in a few sessions (3 sessions in their case), mul-
tiple training sessions may be necessary to develop re-
sistance to extinction.  
In more recent work, Cohen et al. [15] compared continu-
ous and partial reinforcement schedules (variable ratio, 
variable interval, fixed ratio, fixed interval to increase fore-
arm muscle tension. They trained participants with three 
sessions of biofeedback followed by one extinction session 
without biofeedback. CRF showed the highest electromy-
ography (EMG) response, followed by fixed ratio and var-
iable interval schedules. In their extinction trials, the au-
thor found resistance to extinction in the EMG response 
across both CRF and PRF groups. Variable ratio and varia-
ble interval schedules were found to be most resistant to 
extinction, and CRF the least, a result that is consistent with 
the PREE [19, 20]. In a related study, Voerman et al. [18] 
studied the influence of partial schedules of myofeedback 
training to relax the trapezius muscle. Feedback was pro-
vided in the form of an auditory tone based on a pre-deter-
mined muscle relaxation level. They chose an interval 
schedule for providing feedback with intervals of 5s, 10s or 
20s; for example, in a 5s schedule, whether or not feedback 
should be provided was evaluated every five seconds. The 
authors found that a 10s variable-interval schedule re-
sulted in the highest level of muscular relaxation. They also 
evaluated resistance to extinction of the trapezius muscle 
post-training. However, they did not find any of the three 
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schedules to be resistant to extinction, which they argued 
could be due to the training period having been too short 
to learn and retain the motor skills.  

To summarize, previous research has evaluated bio-
feedback games for stress self-regulation and found them 
to effective in reducing arousal and promoting skill trans-
fer [10-14, 22]. Furthermore, the effects of continuous and 
partial reinforcement on modifying user’s physiology 
(EMG, HR and blood pressure) and behavior with tradi-
tional biofeedback systems has also been extensively stud-
ied [15, 29, 34-36]. To date, however no prior work exists 
on studying the effects of scheduling of biofeedback in 
games for stress training. The proposed study addresses 
this gap. 

3 GAME BIOFEEDBACK 

3.1 System overview 

To test our working hypotheses, we used a biofeedback 
game based on the open source game of Frozen Bubble2, as 
described elsewhere [11, 13]. In this game, the player is pre-
sented with a game arena containing a spatial arrangement 
of colored bubbles; see Figure 1. The objective of the game 
is to eliminate all the hanging bubbles before the ceiling 
collapses.  For this purpose, the player controls the orien-
tation and firing of a small cannon that shoots bubbles of 
random colors.  Placing a new bubble next to two or more 
of the same color makes them disappear; otherwise they 
pile up until the arena fills up, at which point the game 
ends.  The ceiling of the arena drops one notch every eight 
moves, which reduces the play area over time and adds an 
element of time pressure. Different initial arrangements of 
bubbles allow the experimenter to increase the challenge 
level as the player progresses through the levels3. The 
game was developed on a Google Nexus 5 running An-
droid 5.0. 

Following results in our prior study [13], we used 
breathing rate (BR) as the physiological signal for biofeed-
back in the game. Namely, the game presents biofeedback 
information as a combination of visual biofeedback (i.e. 
numerical display of BR and arrows to indicate if it is in-
creasing or decreasing; see Figure 1) and game adaptation 
[11]. The game also displays a prompt “Please try and re-
lax!” at the bottom of the screen (for 0.5 seconds) when the 
player’s BR increases. Frozen Bubble provides a few pa-
rameters that are amenable to adaptation, such as auto-
shooting rate, how fast the ceiling drops, or angular rate 
and lag of the cannon.  Out of these, we used auto-shooting 
frequency as the parameter for game adaptation, as it de-
mands immediate action from the player. In addition to the 
game penalty, the user also receives an auditory stimulus 
in the form of an Error sound to indicate that their BR is 
higher than the reference value. During gameplay, we 
adapt the game difficulty based on the player’s BR relative 
to a target value (r0): elevated BR increases game difficulty, 
whereas lowered BR reduces it. 
 

 
 

2 https://github.com/robinst/frozen-bubble-android 

 
Figure 1 Screenshots of the modified Frozen Bubble 
game showing BR and its trend. The number (in red 
square) indicates the game score. The text prompt is 
shown at the bottom (in yellow rectangle). 

Table 1 Mapping between breathing rate (𝑩𝑹), its rate of 
change (𝜟𝑩𝑹), and penalty during the game. A reference 
breathing rate (𝒓𝟎) is measured during an initial paced 
breathing session. 

 𝐵𝑅 ≤ 𝑟0 𝐵𝑅 > 𝑟0 

𝛥𝐵𝑅>= 0 No penalty No penalty 

𝛥𝐵𝑅< 0 No penalty Penalty 

 
Table 1 summarizes the effect of BR on game adapta-

tion, whereas Figure 2 shows the relationship between BR 
and game penalty, which in our case is the frequency of 
auto-shooting. When BR is below the target value, there is 
no penalty in the game; as BR increases beyond this value 
the game difficulty also increases in a piecewise linear 
fashion.  

The target BR for GBF is 6 bpm, which is significantly 
lower than the spontaneous BR for healthy adults of 12-20 
bpm. We chose 6 bpm because breathing at this pace max-
imizes HRV [37]. Briefly, heart rate increases during inha-
lation and decreases during exhalation, a phenomenon 
known as respiratory sinus arrhythmia (RSA). This hap-
pens because inspiration inhibits vagal activity and in-
creases the phasic HR, while exhaling activates the vagus 
nerve and therefore decreases HR [21]. These fluctuations 
in heart rate reach a maximum at approximately 6 bpm, 

3 ref: http://people.math.sfu.ca/~kya17/computers/fblevels.html 
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which is believed to be a resonant frequency of the cardi-
orespiratory system [37]. Moreover, RSA is an index of car-
diac vagal tone, which provides parasympathetic control 
of the heart [38]. Thus, deep breathing at this pace maxim-
izes RSA, which itself is an indicator of parasympathetic 
(i.e., relaxation inducing) activity. In addition, voluntary 
DB has been shown to synchronize elements in the central 
and peripheral nervous system via inhibitory impulses 
and hyperpolarization currents, leading to decreased met-
abolic activity and shifting the autonomic balance towards 
parasympathetic dominance [21].  The adaptation mecha-
nism also rewards the player’s efforts in relaxation by 
tracking the slope of BR (Δ𝐵𝑅): if the player’s BR is higher 
than the target but decreasing (i.e., 𝐵𝑅 > 6 ∧  Δ𝐵𝑅 < 0), no 
penalty is applied. 

 

 
Figure 2 Relationship between the player's arousal and 
automatic shooting frequency when conditions for pen-
alty (𝑩𝑹 > 𝒓𝟎 𝒂𝒏𝒅 𝜟𝑩𝑹 ≥ 𝟎) are satisfied; 𝒓𝟎 =  𝟔 𝒃𝒑𝒎 

3.2 Game Biofeedback and instrumental 
conditioning 

The central mechanism in our game-biofeedback inter-
vention is instrumental conditioning: the process of pre-
senting reinforcements (rewards or penalties) to the user 
based on their behaviors, in order to modify those behavior 
[39, 40]. Reinforcements can be categorized as appetitive 
(when the outcome is pleasant) and aversive (when the 
outcome is unpleasant). Whether the conditioning proce-
dure increases or decreases a behavior depends on both the 
nature of the outcome (i.e., aversive or appetitive) and 
whether the behavior produces or removes the outcome. 
Accordingly, instrumental conditioning procedures can be 
classified into four categories [19]: Positive reinforcement, 
when the target behavior produces an appetitive outcome, 
which leads to a reinforcement of the behavior; Punish-
ment, when the target behavior produces an aversive stim-
ulus, which leads to a reduction in this behavior; Negative 
reinforcement, when the target behavior eliminates an 
aversive stimulus, which leads to a reinforcement of the 
behavior; and Omission training, when the target behavior 
eliminates an appetitive stimulus, which reduces the be-
havior. 

Our GBF intervention can be viewed as a form of nega-
tive reinforcement instrumental conditioning (NR-IC). 

Namely, players must lower their arousal levels (i.e. the in-
strumental response) to reduce the game penalty (the aver-
sive outcome), which otherwise prevents them from mak-
ing progress in the game. In other words, there is a nega-
tive contingency between the instrumental response and 
the aversive outcome. This is a form of stress training that 
has been used in prior work for teaching stress self-regula-
tion skills in military and other settings [41]. Therefore, by 
adapting the game in a way that encourages relaxing be-
havior, the user is prompted to modify their response to 
stressors and learn to self-regulate. Furthermore, NR-IC in-
creases the likelihood that the instrumental behavior will 
be repeated in the future [19], which indicates that the skill 
has transferred. 

3.3 Partial and continuous reinforcement with 
game biofeedback 

To incorporate partial reinforcement (PRF) into the GBF 
intervention, we used a variable-ratio (VR) schedule. Un-
der this schedule, reinforcement is applied after an unpre-
dictable (but on average constant) number of responses has 
been elicited. For example, with a 75% PRF, 3 out of 4 target 
responses will be reinforced. During a GBF session, we 
evaluate the player’s BR and slope once every second. If 
the BR is in the desired zone, no game penalty is applied 
for 1 second. If the conditions for game penalty are satis-
fied (i.e., 𝐵𝑅 >  6 𝑎𝑛𝑑 ∆𝐵𝑅 ≥ 0), we apply autoshooting for 
3 seconds according to a probability that is determined by 
the reinforcement schedule; see flow chart in Figure 3 for 
an illustration of PRF schedule of 75%. The auditory feed-
back (Error Sound) is played for 0.25 sec. at the beginning 
of each 3 sec. game penalty period. 

 
Figure 3 Flow chart for game adaptation under a 75% 
partial reinforcement schedule. A continuous reinforce-
ment schedule can be realized by setting  𝒓 > 𝟎 

Start

Check BR, ΔBR every sec

  (𝐵𝑅 > 6 
∧  Δ𝐵𝑅 > 0)

Pick random # 𝑟  (0  00)

  (𝑟 >   )

Game penalty for 3s

No game penalty for 3s

No

Yes

Yes

No
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In contrast, under the continuous reinforcement (CRF) 
schedule, the game adaptation mechanism checks the 
player’s BR every second: if the user’s 𝐵𝑅 > 6 𝑎𝑛𝑑 ∆𝐵𝑅 ≥
0 (i.e., high BR and increasing), a game penalty (i.e., auto-
shooting) is applied for 3s. Therefore, under CRF we pe-
nalize all breathing responses that do not meet the target 
criterion. Consistent with PRF, the auditory feedback (Er-
ror Sound) is played for 0.25 sec. the beginning of each 3 
sec. game penalty period Table 2 summarizes both rein-
forcement schedules. 

 
Table 2 Game adaptation under the continuous and partial 
reinforcement schedule 

 𝐵𝑅 ≤ 𝑟0  𝑜𝑟 ∆𝐵𝑅 < 0 𝐵𝑅 > 𝑟0 𝑎𝑛𝑑 ∆𝐵𝑅 ≥ 0 

𝐶𝑅𝐹 No penalty Game penalty 

𝑃𝑅𝐹 No penalty 
Penalty based on rein-

forcement schedule 

4 EXPERIMENTS 

Experimental trials were conducted as part of an inde-
pendent study with each participant randomly assigned to 
a single treatment (PRF or CRF) or to a control condition 
(play the game without biofeedback or adaptation).  Par-
ticipants were recruited by posting flyers across the Texas 
A&M University campus. Twenty four participants (8 par-
ticipants per group) were recruited for this study: 8 fe-
males and 16 males, in the age range of 19-28 years. All 
participants reported experience with mobile games but no 
prior experience with biofeedback methods. Signed Insti-
tutional Review Board consent was received from each 
participant before the experimental session (protocol num-
ber IRB2009-0420F). 

4.1 Protocol 

The experimental session is summarized in Figure 4.  It 
consisted of five phases: baseline, pre-treatment assess-
ment (pre-test), training, treatment, and post-treatment as-
sessment (post-test). 

 Paced breathing: Participants follow an auditory pac-
ing signal, which guides them to breathe at 6 
breaths/min: inhaling for 4 sec and exhaling for 6 sec. 
This choice is motivated by prior work [42] showing 
that a respiratory pattern with a short inspiration fol-
lowed by long expiration leads to a higher respiratory 
sinus arrhythmia. This phase lasts 5 min. 

 Training/baseline: Participants are asked to sit com-
fortably and play the Frozen Bubble game without bi-
ofeedback or game adaptation. They are also asked to 
breathe at their normal pace. This phase gives partici-
pants an opportunity to familiarize themselves with 
the videogame while we measure their baseline phys-
iology. This phase also lasts 5 min.  

 Treatment: Participants are assigned to one of the 
three groups (PRF, CRF or control). They play the cor-
responding version of the game for 3 sessions, each 

session lasting 5 minutes, with a one- minute break be-
tween sessions (17 min total). Under CRF, the players 
play the game with 100% reinforcement probability 
for the 3 sessions i.e., all 3 sessions are identical in 
terms of reinforcement scheduling.  In contrast, for 
PRF we use a faded feedback procedure [16, 17], in 
which the reinforcement probability is gradually re-
duced with each session (i.e., 75% in session 1, 50% in 
session 2, and 25% in session 3). During the 1-min 
break periods between sessions, we give participants 
their relaxation score (see Section 4.3), and encourage 
them to improve it. Thus, the relaxation score acts as a 
secondary reinforcer. 

 Extinction: In the last phase, we test the ability of par-
ticipants to maintain a low BR post-treatment, without 
any biofeedback reinforcement. The extinction phase 
also consists of 3 sessions (5 min each) with a 1 min 
break in between. Participants are asked to maintain a 
low arousal state using the skills they acquired during 
the treatment sessions, while playing the stock version 
of Frozen Bubble. No biofeedback (visual, auditory, or 
game adaptation) is provided in this phase.  

 
Figure 4 Experimental protocol with four phases 
and their respective durations. In the treatment 
phase participants are assigned to one of the three 
groups (PRF, CRF, or control) 

Participants played the game using their dominant hand, 
while the phone was placed on a smartphone stand on a 
desk. We designed this setup to minimize motion artifacts 
in the non-dominant hand, to which the EDA electrodes 
were attached. Note that in a real-world setting, the game 
can also be played one handed (by placing the phone on a 
desk) or two handed (i.e. holding the phone with one hand 
while playing with the other), since the EDA signal is not 
part of the biofeedback loop. The experimental setup is 
shown in Figure 5. 

Start

Treatment 15	min	(3*5	min	sessions)

Training 5	min	(game	only)

Extinction 15	min	(3*5	min	sessions)

PRF
CRF
Control

DB 5	min	(Paced	breathing)
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Figure 5 Experimental setup with player playing the 
game with their dominant hand while EDA being meas-
ured on their non-dominant hand. The chest strap 
measures breathing rate. 

4.2 Measures 

We measure the participants’ BR with a Bioharness BT 
chest strap (Zephyr Tech.) worn across the player’s ster-
num, immediately below the pectoral muscles.  The Bio-
harness uses Bluetooth to send data to the Frozen Bubble 
app, where it is used to adapt the game in real-time.  In 
addition, we measure EDA using a FlexComp Infinity en-
coder (Thought Technology Ltd.) and disposable AgCl 
electrodes placed at the palmar and hypothenar eminences 
of the player’s non-dominant hand. The raw EDA signal is 
processed with Ledalab [43] to extract the skin conduct-
ance responses (SCRs). A change in EDA is considered an 
SCR if the signal slope is positive and its amplitude is 
larger than a threshold of 0.02 𝜇𝑆 [13, 43]. We also recorded 
player’s game performance score during the treatment and 
extinction sessions. Finally, we also collected subjective 
ratings using the Dundee Stress State Questionnaire 
(DSSQ) [44] before and after the experiment. DSSQ pro-
vides an assessment scale for states associated with stress, 
arousal and fatigue and is a valid and reliable measure of 
subjective stress state [45]. 

4.2.1 Analysis 
 Prior to statistical analysis on the physiological 

measures, we validated the assumption that the data was 
normally distributed with same variance. We performed 
Kolmogorov-Smirov (KS) test on the null hypothesis that 
the data for the two physiological signals is normally dis-
tributed. The KS test on the data failed to reject the null 
hypothesis (p<0.01), which indicates that the physiology 
data (BR and EDA) was normally distributed. We also 
tested the assumption of homogeneity of variance (HoV). 
This assumption states that for performing statistical anal-
yses the comparison groups should have similar variance. 
We performed two-sample and multiple-sample variance 
test (Bartlett) on the data with a null hypothesis that the 
data in the different groups comes from normal distribu-
tion with same variance. Both group-wise (comparing all 
three groups together) and pair-wise (comparing groups of 

two at a time) tests failed to reject the null hypothesis.   
For statistical assessment, we performed various 

ANOVA analyses with an alpha level of 0.01. We per-
formed 2-way ANOVA on the physiological results with 
treatment groups (PRF, CRF and control) and phase (treat-
ment and extinction) as the factors. We also performed 3-
way ANOVA on physiological measures with treatment 
group, phase, and session (T1-T3, E1-E3) as the factors. To 
ascertain the relative pace of learning between the two 
groups, we also performed correlation analysis. To com-
pare the subjective results we performed 1-way ANOVA 
on the differences in the subjective measures captured be-
fore and after the experiment.  We performed 2-way 
ANOVA with treatment groups and phase (pre-post) as 
the factors. Finally, to compare game performance we com-
puted the average change in the scores between treatment 
and extinction given by  /𝑁(∑ 𝑋𝐸𝑖

3
1 − ∑ 𝑋𝑇𝑖

3
1 ), where 𝑋𝐸𝑖 re-

fers to average game score during extinction and 𝑋𝑇𝑖  is the 
average score during treatment. 

We performed a power analysis to compute the re-
quired sample size to detect a statistically significant dif-
ference in BR before and after treatment across the three 
groups. For this analysis we used the physiology data from 
our previous study that compared different types of bio-
feedback for relaxation training [46]. We computed the ef-
fect size using Cohen’s method  [47] (i.e. calculating the 
mean difference between the two groups, and then divid-
ing the result by the pooled standard deviation) in the 
G*Power software [48]. The effect size refers to the magni-
tude of the difference in BR between the means relative to 
the standard deviations of two groups (GBF and control) 
in a previous study [46]. The mean BR and standard devi-
ation for the treatment and control group during the pre-
test are: 18.07 ± 3.97 and 17.51 ± 7.43 and during post-test 
5.46 ± 1.55 and 17.52 ± 3.05. This analysis resulted in a sam-
ple size of 12 participants per group. 

4.3 Instructions to the participants 

Following prior work [11], we give participants instruc-
tions at various points during the experiment: 

 Common to the three groups: 

o Before treatment. “Relax, try to breathe slowly, main-
taining your breathing rate around 6 bpm. Try to do the 
best in the game” 

o Before extinction. “Stay calm by using the skills you 
learned during the treatment session. Try and do the best 
in the game” 

 Specific to biofeedback groups (before treatment):  

o CRF: “The game will be affected by your breathing rate; 
higher breathing rates will make the game more difficult. 
In addition, during gameplay you will be shown your 
breathing rate and whether it is increasing or decreas-
ing. You will also be presented with an auditory stimu-
lus when your breathing rate is high” 

o PRF: “The game may be affected by your breathing rate; 
higher breathing rates may make the game more difficult. 
In addition, during gameplay you will be shown your 
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breathing rate and whether it is increasing or decreas-
ing. You may also hear an auditory stimulus when your 
breathing rate is high” 

o Scoring scheme (for both PRF and CRF): “Your score 
will depend on both your game performance and how re-
laxed you are while playing the game. At the end of each 
game session, you will get two scores: your game score 
and relaxation score. Try to improve on both” 

 Specific to biofeedback groups (before extinction): 

o “You will not receive any biofeedback information or re-
inforcement based on your relaxation. You will receive 
your game score” 

Along with these instructions, participants in the two 
biofeedback groups receive their relaxation score verbally 
after each 5-min. treatment session [11, 49]. The relaxation 
score served as a measure of the participant’s ability to 
maintain a slow BR during treatment. It was computed in 
30-sec. windows (sliding by 1s) as follows: 

1) If BR remained in the range of 4-8 bpm for the entire 
30s window, the score was increased by 5 points; 

2) If BR was outside that range consistently through-
out the 30s window, the score was decreased by 5 
points. 

3) Otherwise, the score remained intact (0 points). 

In addition to the relaxation score, players were also 
verbally informed of the change in relaxation score i.e. 
whether it increased or decreased compared to the previ-
ous session and by how much. Finally, all the participants 
received their game score after each session (and the delta) 
and were asked to improve their performance.  

5 RESULTS 

5.1 Breathing rate  

In a first analysis, we examined the average BR of par-
ticipants in the PRF, CRF, and control groups at each 
phase of the experiment. Results are summarized in Fig-
ure 6. In the paced-breathing phase, all groups had a 
similar BR of approximately 6 breaths/min, which is the 
frequency of the pacing signal. In the training (game-
only) phase, all groups showed a high BR, which is 
again expected since no biofeedback or pacing signal 
was provided to them. During the treatment phase, dif-
ferences between the groups started to emerge, with 
CRF and PRF groups showing lowered BRs. The control 
group did not receive any biofeedback information and 
(as expected) maintained a high BR. During the extinc-
tion phase, the PRF group had a lower BR than the CRF 
group. Once again, the control group showed a high BR.  
Next, we examined BR across the six 5-minute sessions, 
3 sessions of treatment and 3 sessions of extinction. Re-
sults are shown in Figure 7 and Table 3. 

 
Figure 6 Average breathing rate and standard error of 
mean for the three groups over the four experimental 
sessions. PRF: partial reinforcement; CRF: continuous 
reinforcement; GO: game only 

In the first treatment session (T1), both CRF and PRF 
groups showed higher BRs than during the paced breath-
ing session (CRF: 15.48 bpm, PRF: 15.14 bpm.) The rela-
tively high BR at T1 for both GBF groups may be attributed 
to the fact that this session directly follows the game-only 
session, in which participants were breathing at their nat-
ural pace. Furthermore, this is the first time during the ex-
periment when participants are exposed to the game bio-
feedback, and therefore are becoming familiarized with the 
game-adaptation mechanism. Nonetheless, both GBF 
groups showed a lower BR at T1 than the control group.  
BRs continue to reduce for both biofeedback groups dur-
ing the second and third treatment sessions (T2 and T3), 
with no significant differences among PRF and CRF: 
𝐹(   4) =  2.42 𝑝 = 0. 4 𝜂2 = 0.02.   

 

Figure 7 Breathing trend (average) for the three groups 
over the course of the experiment. Whiskers represent 
standard error of mean. PB: paced breathing, GO: game 
only, T1-T3: treatment session, E1-E3: extinction session 

Interesting trends start to emerge during the extinction 
phase; both biofeedback groups show an increase in BR as 
the phase progresses, but the CRF group has a faster rate 
of increase. In the first extinction session (E1), the CRF 
group has a similar BR as the PRF group (BR difference be-
tween PRF and CRF = -1.40 bpm). This trend continues in 
the second extinction session (E2) (BR difference = -3.13 
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bpm), and third extinction session (E3) (BR difference = -
3.98 bpm). In other words, during the extinction phase (i.e., 
once the biofeedback is removed), participants in the PRF 
group are able to maintain a lower BR longer than those in 
the CRF group. These results indicate that partial rein-
forcement increases the resistance to extinction.  

To evaluate the statistical significance of these results, 
we performed a 2-way ANOVA on the BR slope between 
the two GBF groups during the treatment session. The fac-
tors were the treatment group (PRF, CRF) and time (T1, T2, 
and T3).  The slope was computed by linear curve fitting 
on the BR data for all participants during 3 treatment ses-
sions. This analysis resulted in an insignificant main effect 
for treatment type 𝐹(  42) =  0.64 𝑝 = 0.43 𝜂2 = 4.83 ×
 0−4, insignificant main effect for time 𝐹(2 42) =
  .9  𝑝 =  0. 6 𝜂2 = 0.0   and an insignificant interaction 
𝐹(2 42) =  0.32 𝑝 =  0. 2 𝜂2 = 4.90 ×  0−4. The insignifi-
cant main effect for the treatment indicates that the slope 
for the two treatment group was statistically similar dur-
ing the treatment (indicating a similar skill acquisition 
rate). The insignificant main effect for time points to the 
fact that the BR slope during T1, T2 and T3 are similar, 
which is evident from Figure 7 . We also computed the cor-
relation coefficient between BR time series for the two GBF 
groups during the treatment (𝜌 = 0.90 𝑝 < 0.0 ). The high 
correlation, similar slopes, and the trend in Figure 7 indi-
cate that both partial and continuous reinforcement had a 
similar pace of learning. This result differs from those ob-
served in other prior studies where a continuous reinforce-
ment paradigm generally leads to faster skill acquisition 
compared to partial reinforcement. A 2-way ANOVA be-
tween the two GBF groups during extinction resulted in 
significant main effects for treatment type 𝐹(  42) =
  9.64 𝑝 <  0.0  𝜂2 = 0.2  and time 𝐹(2 42) =   8.4  𝑝 <
0.0  𝜂2 = 0.06 and an insignificant interaction between the 
two factors 𝐹(2 42)  =   .4  𝑝 =  0.0  𝜂2 = 0.002. This 
analysis highlights the difference between the two treat-
ment groups during extinction. We also performed a 3-
way ANOVA on the BRs with treatment group, session 
(T1, T2, T3, E1, E2, E3), and phase (treatment and extinc-
tion) as the factors. Our results indicated a significant main 
effect for treatment group 𝐹(2  43) =   2 .69 𝑝 <
0.0  𝜂2 = 0.28 and phase 𝐹(   43) =   8.8 𝑝 < 0.0  𝜂2 =
0.02 and an insignificant main effect for session 𝐹(   43) =
 0.   𝑝 = 0.68 𝜂2 =  . ×  0−5. Finally, with a sample size 
of 8 participants per group, we achieved an effective power 
of 0.74 in this study.  

5.2 Electrodermal activity 

Figure 8 and Table 3 present the average EDA during the 
treatment and extinction phases, measured as the number 
of SCRs per minute, as described in Section 4.1. During the 
paced-breathing phase, all participants show a low SCR 
count. SCRs increase for the three groups during the train-
ing session, in agreement with the results on BR shown in 
Figure 6. Differences between the three groups start to 
emerge as the treatment phase begins. During the three 
treatment sessions, both game biofeedback groups show a 
reduction in SCR, with the CRF group showing a higher 
SCR count than PRF group. The two biofeedback groups 

reach similar SCR count in the third treatment session (T3). 
This trend corroborates with those observed with BRs. 
Differences between the two biofeedback groups emerge 
during the extinction phase. In the first extinction session 
(E1), the CRF group shows an increase in SCR relative to 
that attained during the final treatment session (T3), 
whereas the PRF group shows a further reduction in SCR. 
As the extinction phase progresses (E2 and E3), both bio-
feedback groups show an increase in SCR, with the CRF 
group having a faster rise compared to PRF. This is con-
sistent with the BR trends, and indicates that the PRF 
group had a higher resistance to extinction. In contrast 
with the two biofeedback groups, the control group con-
sistently has a higher SCR for all the treatment and extinc-
tion sessions. Of note, participants in the control group 
showed a slow but steady reduction in SCR as the experi-
ment progresses; this decrease may be attributed to the 
SCR habituation effect – a gradual reduction in sudomotor 
activity (SCR count and amplitude) and eventual disap-
pearance with a repeated stimulus [50].  

 

Figure 8 Average skin conductance response (per min) 
over the course of the experiment. Whiskers represent 
standard error of mean. PB: paced breathing, GO: game 
only, T1-T3: treatment session, E1-E3: extinction session 

To test the statistical significance of these results, we 
performed a 2-way ANOVA between the three groups 
with treatment type and time as the two factors during the 
treatment phase showed a significant main effect for treat-
ment type, 𝐹(  42) =   2.0  𝑝 < 0.0  𝜂2 = 0.02 and time, 
𝐹(2 42) =  8.2  < 0.0  𝜂2 = 0.0 , but no interactions, 
𝐹(2 42) =  0. 3 𝑝 = 0.8  𝜂2 =  .36 ×  0−5 Finally, a 2-
way ANOVA during the extinction phase revealed a sig-
nificant main effect for treatment type, 𝐹(  42) =
 2 .08 𝑝 < 0.0  𝜂2 = 0. 2, but not for time, 𝐹(2 42) =
 2. 8 𝑝 = 0. 2 𝜂2 = 0.003 and no interactions, 𝐹(2 42) =
 0.34 𝑝 = 0.   𝜂2 = 9.0 ×  0−5. This statistical analysis 
corroborates the results observed for BR, indicating the im-
portance of treatment type during both the treatment and 
extinction phases. We performed a 3-way ANOVA with 
treatment group, session (T1, T2, T3, E1, E2, E3), and phase 
(treatment and extinction) as the factors. Our results indi-
cated a significant main effect for treatment group 
𝐹(2  43) =  4 .6 𝑝 < 0.0  𝜂2 = 0. 4 and phase 𝐹(   43) =
 2.63 𝑝 < 0.0  𝜂2 = 0.0  and an insignificant main effect 
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for session 𝐹(   43) = 0.82 𝑝 = 0.44 𝜂2 =  .3 ×  0−5. 

5.3 Game performance  

Next, we analyze the performance of the participants dur-
ing the treatment and extinction sessions, shown in Figure 
9. During the initial training (game only) session, all 
groups show similar performance. This is to be expected 
since all of them are playing the same game without any 
biofeedback. Following the training session, game perfor-
mance in the two biofeedback groups decreases during the 
first treatment session (T1), but increases again during the 
two subsequent treatment sessions. During the extinction 
phase, the game score continues to increase for the two bi-
ofeedback groups. Further, the PRF group had higher 
game scores than the CRF group, though the difference 
was not statistically significant. The control group played 
a non-biofeedback version of the game for all sessions and 
showed a constant game score throughout the experiment. 
A 1-way ANOVA on the gains in game score from treat-
ment to extinction showed a statistically significant differ-
ence between the three groups 𝐹(2 2 ) =  8.  𝑝 <
0.0  𝜂2 = 0. 8. Comparing the two biofeedback groups, 
however, did not show a significant difference 𝐹(   4) =
 0.23 𝑝 = 0.63 𝜂2 = 2.6 ×  0−4.  

 

Figure 9 Average game score and standard deviation for 
the three groups over the course of the experiment. GO: 
game only, T1-T3: treatment session, E1-E3: extinction 
session. 

5.3 Subjective analysis 

We also collected subjective ratings from participants us-
ing the Dundee Stress State Questionnaire (DSSQ) [44]. We 
asked participants to complete the questionnaire before the 
start of the treatment phase, and again after the completion 
of the extinction phase. Figure 10 presents the DSSQ rat-
ings for two factors: relaxation and anxiousness. These re-
sults indicate that participants in the two biofeedback 
groups showed a small increase in the perceived levels of 
relaxation and reduction in anxiety. These changes were 
the highest for the PRF group followed by the CRF group, 
whereas the control group did not show changes between 
pre- and post-assessment. Performing a 1-way ANOVA 
did not indicate a statistically significant difference be-
tween the three groups for relaxation 𝐹(2 2 ) =  0.8  𝑝 =
0.4  𝜂2 = 0.00  and anxiousness 𝐹(2 2 ) =  0. 4 𝑝 =
0. 9 𝜂2 = 0.002. 

 
Figure 10 Dundee stress state questionnaire results (av-
erage and standard deviation) prior and after the treat-
ment. (a) Relaxation (b) Anxious 

Similarly, comparing the two biofeedback groups did not 
show statistically significant difference for relaxation 
𝐹(   4) =   .6 𝑝 = 0.22 𝜂2 = 0.0  or anxiousness 
𝐹(   4) =  0.8  𝑝 = 0.3  𝜂2 = 0.003. A 2-way ANOVA for 
relaxation did not show a significant main effect for the 
treatment groups, 𝐹(  42) =   .24 𝑝 = 0.2  𝜂2 = 6.28 ×
 0−4 or phase, 𝐹(  42) =  2.09 𝑝 < 0. 3 𝜂2 = 0.00   and 
no interaction effects, 𝐹(2 42) =  0.93 𝑝 < 0.40 𝜂2 =
0.00 . There was no significant main effects for anxious-
ness (group, 𝐹(  42) =   .6  𝑝 = 0.20 𝜂2 = 0.00 , phase, 
𝐹(  42) =   .96 𝑝 < 0.   𝜂2 = 0.006  or interaction, 
𝐹(  42) =  0. 2 𝑝 = 0.49 𝜂2 = 8.6 ×  0−4.  

6 DISCUSSION 

Reinforcement schedules are critical to learning and be-
havior change with instrumental conditioning. A number 
of biofeedback studies [15, 16, 18, 28] have shown that par-
tial reinforcement improves resistance to extinction. Yet, 
we are not aware of prior studies investigating reinforce-
ment schedules in the context of biofeedback games.  To 
address this gap, this paper studied the effect of reinforce-
ment schedules with a biofeedback game for stress-self 
regulation. The two scientific contributions of this work 
lies in applying the concepts of operant conditioning and 
partial reinforcement to improve the acquisition of relaxa-
tion skills with a biofeedback game. This includes devel-
oping algorithms to provide partial reinforcement in re-
sponse to the player’s breathing (see Figure 3) and experi-
mentally demonstrating that our algorithms improve skill 
retention without affecting pace of skill acquisition. 

 Our primary aim was to compare two reinforcement 
schedules (partial and continuous) by their ability to help 
participants acquire relaxation skills and promote skill 
transfer.  Our results indicate that partial reinforcement in-
creases resistance to extinction, as measured by retention 
of deep breathing skills following treatment. 
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This result validates hypothesis H1, as predicted by the 
partial reinforcement extinction effect (PREE) [19, 20], 
which states that the less frequently a behavior is rein-
forced the harder it is to extinguish. The PREE makes with-
drawal of the reinforcement easier to detect following a 
CRF schedule than following after a PRF schedule: provid-
ing a reinforcement after every response during training 
(i.e. CRF schedule) creates the expectation that the rein-
forcement will also guide behavior after training [19]. In 
other words, a CRF schedule leads to a greater expectation 
of reinforcement compared to PRF. This can have a frus-
trating effect during the extinction phase [19, 51] and, in 
turn, lead to a more rapid extinction of the learned skills. 
In contrast, during training with a PRF schedule only a per-
centage of the responses are reinforced.  Prior studies have 
shown that a PRF schedule leads to fewer frustrating reac-
tions and that participants elicit the desired behavior 
longer compared to using CRF schedule during training 
[15, 35, 36]. 

While both biofeedback groups showed a reduction in 
BR and EDA during training, we did not observe differ-
ences in the pace of skill acquisition (as measured by how 
quickly participants were able to lower their BR) between 
both groups. This observation neither supports nor rejects 
hypothesis H2. This is an interesting result and requires 
further investigation since prior studies have shown that 
CRF schedules lead to faster rates of acquisition due to 
higher exposure to the reinforcers [15, 30]. Our results may 
be attributed to the short 3-second duration we used for 
CRF. This may have reduced the number of times the par-
ticipants were exposed to the reinforcer (game penalty) 
compared to a continuous schedule where reinforcement 
is provided every second and not every three seconds. In 
addition, as noted by Cohen, et al. [15], much of the prior 

work on reinforcement schedules is based on animal mod-
els (e.g. mice). In these experiments, the animal has to 
move around and/or operate an external device (i.e., press 
a lever to get a reward). This is in contrast with a biofeed-
back mechanism, where the participant has to manipulate 
an internal physiological variable. In addition, operations 
such as lever pressing are discrete in time, whereas breath-
ing and gameplay are both continuous processes.  

Partial reinforcement schedules can be implemented in 
several ways, including variable ratio (VR), fixed ratio 
(FR), variable interval (VI), and fixed interval (FI). In FR 
schedules, the user must produce the target response a pre-
determined fixed number of times before the reinforce-
ment is presented. In contrast, a VR schedule requires an 
unpredictable but on average constant number of re-
sponses; the average number of responses governs the 
schedules. A FI schedule is similar to FR except that along 
with an elicitation of the response, a fixed amount of time 
has to elapse before presenting the reinforcement. Finally, 
VI schedules require a response and a varying time inter-
val before reinforcement is applied; the average interval 
defines the schedules. Prior studies have shown that vari-
able schedules (i.e. VI and VR) lead to higher resistance to 
extinction compared to fixed schedules [15, 18]. This may 
again be attributed to the probabilistic nature of VI and VR 
methods, where only certain randomly chosen responses 
are reinforced. Furthermore, ratio schedules lead to a faster 
rate of responding therefore resulting in faster rate of 
learning. Our study used a VR-based PRF schedule; future 
work will investigate other schedules in GBF and their in-
fluence on skill acquisition rates and retention.  

As discussed earlier, games have many elements that 
could be adapted during gameplay in response to the 
user’s physiology. Therefore, an interesting extension of 
our work would be to modify different game elements 

Table 3 Descriptive results. Average and standard deviation values for the BR, EDA, and game performance during 
the experiment. PB: paced breathing, GO: game only, T1-T3: treatment sessions, E1-E3: extinction sessions.  

  PB GO T1 T2 T3 E1 E2 E3 

BR 

PRF 
6.61 ± 
0.34 

18.07 ± 
1.73 

15.10 ± 
1.24 

11.53 ± 
1.04 

7.85 ± 
0.65 

8.13 ± 
0.87 

9.39 ± 
1.06 

10.86 ± 
1.11 

CRF 
7.13 ± 
0.37 

17.86 ± 
1.66 

15.27 ± 
1.12 

12.44 
±1.31 

8.22 ± 
0.70 

9.11 ± 
1.10 

11.93 ± 
1.12 

14.19 ± 
0.80 

Control 
6.95 ± 
0.35 

17.90 ± 
2.28 

16.77 ± 
2.19 

17.75 ± 
1.73 

17.30 ± 
2.24 

16.51 ± 
2.99 

17.15 ± 
2.83 

16.30 ± 
3.18 

   

EDA 

PRF 
2.36 ± 
0.51 

9.13 ± 
2.75 

6.04 ± 
1.32 

4.56 ± 
1.32 

3.08 ± 
0.48 

2.56 ± 
0.71 

2.96 ± 
1.64 

3.36 ± 
2.08 

CRF 
2.60 ± 
0.86 

10.13 ± 
2.37 

6.56 ± 
0.69 

5.40 ± 
2.12 

3.36 ± 
1.21 

4.28 ± 
1.48 

4.36 ± 
0.79 

4.76 ± 
0.62 

Control 
2.76 ± 
0.93 

9.66 ± 
2.49 

7.36 ± 
3.19 

7.32 ± 
2.28 

6.68 ± 
2.08 

6.28 ± 
1.55 

4.92 ± 
1.76 

5.32 ± 
2.18 

 

Game 
score 

PRF - 
381 ± 
50.37 

236 ± 
68.44 

280 ± 
61.14 

287 ± 
71.16 

316 ± 
65.24 

329 ± 
69.53 

339 ± 
60.23 

CRF - 
368 ± 
37.86 

223 ± 
40.24 

241 ± 
32.70 

267 ± 
47.59 

300 ± 
44.41 

310 ± 
24.99 

330 ± 
32.49 

Control - 
358 ± 
40.69 

368.75 ± 
31.00 

343 ± 
29.17 

353 ± 
27.62 

353 ± 
35.81 

367.5 ± 
53.48 

361 ± 
49.49 
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(e.g., autoshooting, angular rate of shooting, ceiling drop, 
arrangement of bubbles in the context of Frozen Bubble) 
using different reinforcement schedules to maximize skill 
acquisition and retention. In addition to the reinforcement 
schedules, other factors may influence resistance to extinc-
tion, including the history of reinforcement, the magnitude 
of the reinforcer, the degree of deprivation, and previous 
experience with extinction. Future work will examine 
these factors in GBF for relaxation skill transfer.  

For breathing-based biofeedback, special consideration 
should be given to the ratio of expiration time to inspira-
tion time (I/E ratio). During the initial paced breathing ses-
sion, the participants were guided (using the pacing sig-
nal) to maintain an I/E ratio of 4/6 (i.e., 4-sec inspiration, 
6-sec expiration). While we instructed the participants to 
maintain a similar I/E ratio during the game biofeedback 
session, we did not provide any feedback about their I/E 
ratio during the treatment sessions and we did not record 
this information. The question of I/E ratio biofeedback and 
its integration with a game will be studied in future work.  

During GBF, the player is provided the biofeedback in-
formation in two ways: through a visual display of their 
BR and through game adaptation. Here, the former acts as 
information feedback while the latter acts as the reinforce-
ment. In our implementation, the PRF schedule was inte-
grated in the game in a way that it scheduled only the game 
adaptation process, while the players were provided with 
the information feedback throughout the experiment. Fu-
ture work will also involve studying the effect of reinforce-
ment scheduling on both game adaptation and infor-
mation biofeedback (i.e. presenting or withdrawing the 
visual display of physiology based on a probabilistic 
schedule) on skill learning and skill retention. 

Our experiments did not evaluate the effect of a yoked 
control on relaxation skill acquisition. In a yoked control 
design, a participant is paired with a participant in one of 
the treatment groups so that both receive the same biofeed-
back information. In other words, the yoked participants’ 
will see the game adapt, but their own physiology will 
have no influence on the game. This manipulation allows 
the experimenter to study the influence of response-inde-
pendent feedback in the game and whether it leads to the 
participants learning the relationship between their per-
ceived arousal level and the game adaptation process. Fu-
ture work will involve comparing the partial and continu-
ous reinforcement schedules with a yoked control to study 
the effect of response-independent feedback.  

An important aspect in any behavioral training method 
is its ability to engage the user (ensuring long term usage). 
While we did not explicitly measure motivation level or 
engagement, we asked participants to do the best they 
could in the game and to improve their score relative to the 
previous session. This served as a source of motivation, as 
is evident from the improvement in game performance 
during the treatment sessions for the two biofeedback 
groups. On a separate note, the main reason behind us 
choosing games as a way to provide stress training is their 
inherent engagement and immersiveness. The appeal of 
videogames stems from their ability to increase the user’s 

motivation and engagement, which is particularly benefi-
cial when the treatment involves painful procedures (e.g., 
chemotherapy) or is intrinsically boring and repetitive 
(e.g., physical therapy)  [52]. Given the engaging nature of 
videogames, games are ideally suited to promote skill 
learning and practice [53]. Future work will include addi-
tional measures (e.g. Game Engagement Questionnaire) to 
measure user engagement level during GBF treatment.  

Our study focused on short-term training and immedi-
ate assessment of skill retention and did not address long 
term retention of skills. As noted by Gentile, et al. [54], re-
peated exposure to a training process can lead to diverse 
long-term effects. One of the main challenges in building a 
stress training system is that individuals exposed to similar 
stressful conditions react differently  [55]. In addition, 
learning theories have shown that individuals learn in dif-
ferent ways and a number of factors including task com-
plexity, learning ability, perception of visceral states influ-
ence the effectiveness of a stress intervention. This sug-
gests that there may not be a single solution for stress self-
management that is effective for all users. An effective 
learning routine should include multi-dimensional train-
ing comprising of meditation, exercise, videos, and video-
games [56]. Such programs may deliver self-guided stress 
training to a wider population. Therefore, an evaluation of 
long-term persistence effects of GBF intervention will re-
quire multiple training sessions with a multi-dimensional-
apprioach in real-world ambulatory settings. Future work 
will also involve detecting user stress levels in real-world 
settings, and triggering interventions when needed. 

7 CONCLUSION 

This study integrated partial reinforcement scheduling 
with a biofeedback game, and tested its ability to increase 
resistance to extinction of deep-breathing skills. Our re-
sults show that partial reinforcement does improves re-
sistance to extinction, as observed in both breathing rates 
and electrodermal activity. In addition, our results indicate 
that training with partial reinforcement results in a similar 
skill acquisition rates compared to training with a contin-
uous schedule. Stress training methods based on biofeed-
back games offer a number of advantages, including en-
gagement, detachment and stress recovery, and self-regu-
lation while performing an arousal inducing task [7, 8]. 
This paradigm of partial reinforcement in GBF can be eas-
ily extended to other games and biofeedback systems, and 
may also be used in the home and workplace. 

8 ACKNOWLEDGEMENTS 

Thanks to C Blanchard, J Burian, M Thompson, K Truong 
and Y Son for help on the game. This publication was made 
possible by NPRP grant # 5-678-2-282 from the Qatar Na-
tional Research Fund (a member of Qatar Foundation). The 
statements made herein are solely the responsibility of the 
authors. 



1949-3045 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more
information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TAFFC.2018.2842727, IEEE Transactions on Affective Computing

PARNANDI ET AL.:  COMPARING VISUAL AND INTEGRATED BIOFEEDBACK IN GAMES FOR STRESS TRAINING 13 

 
 

 

9 REFERENCES 

[1] T. Vrijkotte, L. Van Doornen, and E. De Geus, "Effects of 

work stress on ambulatory blood pressure, heart rate, and 

heart rate variability," Hypertension, vol. 35, no. 4, pp. 880-

886, 2000. 

[2] J. Kiecolt-Glaser, L. McGuire, T. Robles, and R. Glaser, 

"Psychoneuroimmunology: psychological influences on 

immune function and health," Journal consulting clinical 

psychology, vol. 70, no. 3, p. 537, 2002. 

[3] M. Kivimäki, M. Virtanen, M. Elovainio, A. Kouvonen, A. 

Väänänen, and J. Vahtera, "Work stress in the etiology of 

coronary heart disease—a meta-analysis," Scandinavian 

journal of work, environment & health, pp. 431-442, 2006. 

[4] T. Rosenthal, A. Alter, E. Peleg, and B. Gavish, "Device-

guided breathing exercises reduce blood pressure: 

ambulatory and home measurements," American journal of 

hypertension, vol. 14, no. 1, pp. 74-76, 2001. 

[5] M. Clinic. (2009). Mayo Clinic Meditation. Available: 

https://itunes.apple.com/us/app/mayo-clinic-

meditation/id348265081 

[6] D. Wood et al., "Combat-related post-traumatic stress 

disorder: A case report using virtual reality graded exposure 

therapy with physiological monitoring with a female 

Seabee," Military medicine, vol. 174, no. 11, pp. 1215-1222, 

2009. 

[7] E. Collins and A. Cox, "Switch on to games: Can digital 

games aid post-work recovery?," Journal Human-Computer 

Studies, vol. 72, no. 8, pp. 654-662, 2014. 

[8] L. Reinecke, "Games and recovery: The use of video and 

computer games to recuperate from stress and strain," 

Journal Media Psych, vol. 21, no. 3, pp. 126-142, 2009. 

[9] A. Parnandi, B. Ahmed, E. Shipp, and R. Gutierrez-Osuna, 

"Chill-Out: Relaxation Training through Respiratory 

Biofeedback in a Mobile Casual Game," in Mobile 

Computing, Applications, and Services, 2013, pp. 252-260. 

[10] S. Bouchard, F. Bernier, É. Boivin, B. Morin, and G. 

Robillard, "Using biofeedback while immersed in a stressful 

videogame increases the effectiveness of stress 

management skills in soldiers," PloS one, pp. 361-369, 

2012. 

[11] A. Parnandi and R. Gutierrez-Osuna, "Visual Biofeedback 

and Game Adaptation in Relaxation Skill Transfer," IEEE 

Tran Affective Computing, 2017. 

[12] Z. Wang, A. Parnandi, and R. Gutierrez-Osuna, "BioPad: 

Leveraging Off-the-Shelf Video Games for Biofeedback 

Training," IEEE Journal of Biomedical and Health 

Informatics, vol. 22, no. 1, pp. 47-55, 2016. 

[13] A. Parnandi and R. Gutierrez-Osuna, "Physiological 

modalities for relaxation skill transfer in biofeedback 

games," IEEE Journal of Biomedical and Health 

Informatics, vol. 21, no. 2, pp. 361-371, 2015. 

[14] K. Larkin, C. Zayfert, L. Veltum, and J. Abel, "Effects of 

feedback and contingent reinforcement in reducing heart 

rate response to stress," J Psychophysiology, vol. 6, p. 119, 

1992. 

[15] S. Cohen, J. Richardson, J. Klebez, S. Febbo, and D. 

Tucker, "EMG biofeedback: the effects of CRF, FR, VR, FI, 

and VI schedules of reinforcement on the acquisition and 

extinction of increases in forearm muscle tension," Applied 

psychophys biofeedback, vol. 26, no. 3, pp. 179-194, 2001. 

[16] J. P. Hatch, "The effects of operant reinforcement schedules 

on the modification of human heart rate," Psychophysiology, 

vol. 17, no. 6, pp. 559-567, 1980. 

[17] M. E. McKinney, D. Geller, R. J. Gatchel, G. Barber, J. 

Bothner, and M. E. Phelps, "The production and 

generalization of large-magnitude heart rate deceleration 

by contingently faded biofeedback," Biofeedback and Self-

regulation, vol. 5, no. 4, pp. 407-416, 1980. 

[18] G. Voerman, L. Sandsjö, M. Vollenbroek-Hutten, C. 

Groothuis-Oudshoorn, and H. Hermens, "The influence of 

different intermittent myofeedback training schedules on 

learning relaxation of the trapezius muscle while performing 

a gross-motor task," European journal of applied 

physiology, vol. 93, no. 1-2, pp. 57-64, 2004. 

[19] M. Domjan, The principles of learning and behavior. Nelson 

Education, 2014. 

[20] A. R. Wagner, "Effects of amount and percentage of 

reinforcement and number of acquisition trials on 

conditioning and extinction," Journal of experimental 

Psychology, vol. 62, no. 3, pp. 234-242, 1961. 

[21] R. Jerath, J. Edry, V. Barnes, and V. Jerath, "Physiology of 

long pranayamic breathing: neural respiratory elements 

may provide a mechanism that explains how slow deep 

breathing shifts the autonomic nervous system," Med 

Hypoth, vol. 67, no. 3, pp. 566-571, 2006. 

[22] R. Bhandari, A. Parnandi, E. Shipp, B. Ahmed, and R. 

Gutierrez-Osuna, "Music-based respiratory biofeedback in 

visually-demanding tasks," in Conf New Interfaces for 

Musical Expression, 2015. 

[23] T. Sonne and M. M. Jensen, "ChillFish: A Respiration Game 

for Children with ADHD," in Proceedings of the TEI'16: 

Tenth International Conference on Tangible, Embedded, 

and Embodied Interaction, 2016, pp. 271-278: ACM. 

[24] A. Dillon, M. Kelly, I. H. Robertson, and D. A. Robertson, 

"Biofeedback and Gaming-Style Smartphone Applications 

as a Stress Reduction Intervention," in ACM Conf Human 

Factors in Computing Systems: Computing and Mental 

Health Workshop, 2016. 

[25] J. Goodie and K. Larkin, "Transfer of heart rate feedback 

training to reduce heart rate response to laboratory tasks," 

App Psychophys Biofeedback, vol. 31, no. 3, pp. 227-242, 

2006. 

[26] N. Chesher, "Generalization of videogame-based heart rate 

varibility biofeedback training and physiological arousal to 

psychological stressors," Alliant International Univ, 2014. 

[27] S. Morley, "Partial reinforcement in human biofeedback 

learning," Biofeedback and Self-regulation, vol. 4, no. 3, pp. 

221-227, 1979. 

[28] R. J. Gatchel, "Frequency of feedback and learned heart 

rate control," Journal of Experimental Psychology, vol. 103, 

no. 2, p. 274, 1974. 

[29] E. Gamble and T. Elder, "Conditioned diastolic blood 

pressure: The effects of magnitude of acquired response 

and feedback schedules on resistance to extinction," 

https://itunes.apple.com/us/app/mayo-clinic-meditation/id348265081
https://itunes.apple.com/us/app/mayo-clinic-meditation/id348265081


1949-3045 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more
information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TAFFC.2018.2842727, IEEE Transactions on Affective Computing

14 IEEE TRANSACTIONS ON AFFECTIVE COMPUTING 

 
 

 

Journal psychophysiology, vol. 9, no. 1, pp. 13-20, 1990. 

[30] E. Gamble and T. Elder, "A factorial comparison of schedule 

and bilateral locus of diastolic blood pressure-contingent 

feedback," Journal behavior medicine, vol. 5, no. 1, pp. 117-

134, 1982. 

[31] R. O. Ely and J. D. Hart, "Continuous vs. intermittent 

schedules of EMG biofeedback," American Journal of 

Clinical Biofeedback, vol. 3, no. 1, pp. 48-51, 1980. 

[32] J. Brener, R. Kleinman, and W. Goesling, "Effects of 

different exposures to augmented sensory feedback on the 

control of heart rate," Psychophysiology, vol. 5, no. 5, pp. 

510-516, 1969. 

[33] C. B. Ferster and B. F. Skinner, Schedules of reinforcement. 

Appleton-Century-Crofts, 1957. 

[34] N. Azrin, H. Rubin, F. O'brien, T. Ayllon, and D. Roll, 

"Behavioral engineering: Postural control by a portable 

operant apparatus," Journal of Applied Behavior Analysis, 

vol. 1, no. 2, p. 99, 1968. 

[35] S. Sangha, C. McComb, A. Scheibenstock, C. Johannes, 

and K. Lukowiak, "The effects of continuous versus partial 

reinforcement schedules on associative learning, memory 

and extinction in Lymnaea stagnalis," Journal of 

Experimental Biology, vol. 205, no. 8, pp. 1171-1178, 2002. 

[36] N. J. Mackintosh, The psychology of animal learning. 

Academic Press, 1974. 

[37] E. Vaschillo, B. Vaschillo, and P. Lehrer, "Characteristics of 

resonance in heart rate variability stimulated by 

biofeedback," App Psychophys Biofeedback, vol. 31, no. 2, 

pp. 129-142, 2006. 

[38] S. W. Porges, "Cardiac vagal tone: a physiological index of 

stress," Neuroscience & Biobehavioral Reviews, vol. 19, no. 

2, pp. 225-233, 1995. 

[39] B. F. Skinner, Science and human behavior. Simon and 

Schuster, 1953. 

[40] A. T. Pope, C. L. Stephens, and K. Gilleade, "Biocybernetic 

Adaptation as Biofeedback Training Method," in Advances 

in Physiological Computing, 2014, pp. 91-115. 

[41] Cannon-Bowers, Making decisions under stress: 

Implications for individual and team training. American 

Psychological Association, 1998. 

[42] G. Strauss Blasche, M. Moser, M. Voica, D. McLeod, N. 

Klammer, and W. Marktl, "Relative timing of inspiration and 

expiration affects respiratory sinus arrhythmia," Clinical 

Experiment Pharmaco Physio, vol. 27, no. 8, p. 601, 2000. 

[43] M. Benedek and C. Kaernbach, "Decomposition of skin 

conductance data by means of nonnegative deconvolution," 

Psychophysiology, pp. 647-658, 2010. 

[44] G. Matthews et al., "Profiling task stress with the dundee 

stress state questionnaire," Psychology of stress: New 

research, pp. 49-90, 2013. 

[45] W. S. Helton, "Validation of a short stress state 

questionnaire," in Proceedings of the Human Factors and 

Ergonomics Society Annual Meeting, 2004, vol. 48, no. 11, 

pp. 1238-1242: SAGE Publications. 

[46] A. Parnandi and R. Gutierrez-Osuna, "A comparative study 

of game mechanics and control laws for an adaptive 

physiological game," J Multi User Interfaces, vol. 9, no. 1, 

pp. 31-42, 2014. 

[47] J. Cohen, "Statistical power analysis for the behavioral 

sciences Lawrence Earlbaum Associates," Hillsdale, NJ, 

pp. 20-26, 1988. 

[48] F. Faul, E. Erdfelder, A. Buchner, and A.-G. Lang, 

"Statistical power analyses using G*Power 3.1: Tests for 

correlation and regression analyses," Behavior Research 

Methods, vol. 41, no. 4, pp. 1149-1160, 2009. 

[49] K. Larkin, C. Zayfert, L. Veltum, and J. Abel, "Effects of 

feedback and contingent reinforcement in reducing heart 

rate response to stress," J Psychophysio, p. 119, 1992. 

[50] W. T. Roth, M. E. Dawson, and D. L. Filion, "Publication 

recommendations for electrodermal measurements," 

Psychophysiology, vol. 49, no. 8, pp. 1017-1034, 2012. 

[51] A. Amsel, "Frustrative nonreward in partial reinforcement 

and discrimination learning: some recent history and a 

theoretical extension," Psychological Review, vol. 69, no. 4, 

p. 306, 1962. 

[52] P. M. Kato, S. W. Cole, A. S. Bradlyn, and B. H. Pollock, "A 

video game improves behavioral outcomes in adolescents 

and young adults with cancer: A randomized trial," 

Pediatrics, vol. 122, no. 2, pp. e305-e317, 2008. 

[53] D. Lieberman, "Interactive video games for health 

promotion: Effects on knowledge," Health promotion 

interactive technology: Theoretical applications and future 

directions, p. 103, 1997. 

[54] D. A. Gentile, C. L. Groves, and J. R. Gentile, "The general 

learning model: Unveiling the teaching potential of video 

games," Learning by playing: Video gaming in education, 

pp. 121-142, 2014. 

[55] A. McGrady, "Psychophysiological mechanisms of stress," 

in Principles practices stress management, 2007, pp. 16-

37. 

[56] R. Rose et al., "A randomized controlled trial of a self-

guided, multimedia, stress management and resilience 

training program," Behaviour Research Therapy, vol. 51, 

no. 2, p. 106, 2013. 

 

Avinash Parnandi received his BTech in electron-
ics and communication engineering from National 
Institute of Technology, Nagpur, India in 2008, MS 
in electrical engineering from University of South-
ern California, Los Angeles, in 2010, and PhD in 
computer engineering from Texas A&M University, 
College Station, in 2017. He is currently a Postdoc-
toral Fellow at NYU School of Medicine. His re-
search interests include wearable sensors, ma-
chine learning, and control systems. 

 
Ricardo Gutierrez-Osuna (M’00, SM’08) received 
the BS in electrical engineering from the Polytech-
nic University, Madrid, Spain, in 1992, and MS and 
PhD in computer engineering from North Carolina 
State University, Raleigh, in 1995 and 1998, re-
spectively. He is a Professor of computer engineer-
ing at Texas A&M University, College Station. His 
current research interests include biofeedback in-
terventions based on wearable sensors, speech 
processing for voice and accent conversion, and 

data analysis for chemical sensors and spectroscopy. 


