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Figure 1: Given relative Rate of Perceived Exertion (RPE) scales as targets (a), our approach automatically optimizes the elliptical
workout plan (e.g. resistance level sequences) and predicts the navigation path elevations (b). After employing the user’s
simple free-hand sketch-based drawing designs of the virtual environments (c), our approach procedurally generates virtual
environments shown in the bottom part of this figure. As shown in (d) and (e), to give such optimized workout plans, we
implemented the VR exergames by mapping the players’ motion on an elliptical machine to the navigation in a virtual world.

ABSTRACT

In this paper, we propose Elliptical4VR, an interactive exergame
authoring tool that synthesizes virtual environments and train-
ing programs for personalized elliptical workout experiences in
Virtual Reality (VR) by exploring the possibility to combine func-
tionality, aesthetics, and human activities as multi-dimensional
interactions between humans, computers, and elliptical machines.
Considering several key features of elliptical training such as Rela-
tive Rate of Perceived Exertion (Relative RPE) scales, target energy
expenditure, total walking distance, etc., we optimize the elliptical
workout profile to deliver expected training effects while at the
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same time considering the aesthetics of the virtual environment and
the immersiveness delivered to the players by providing with the
compatibility between the visual experience and haptic feedback
during the gym activities enhanced by VR. In the end, we validate
the effectiveness of our approach through a series of numerical
experiments and preliminary user studies.
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Figure 2: Overview of our approach.

1 INTRODUCTION

As human-computer interaction-based computational design tech-
nologies are gaining popularity in recent decades, more tentative
explorations are applied to combining functionality, aesthetics, and
human activities through multi-dimensional interactions between
humans and computers. According to the standard criteria that
are commonly adopted in the fitness centers, body training on the
elliptical machine mainly considers four parameters: time intervals,
resistance levels, incline levels, and running speed. In general, time
intervals and inclines are regularly set as constant numbers for
specific training purposes. However, more interesting observations
are conducted around the concepts of the relative Rate of Perceived
Exertion (RPE) scale, running speed (50-150) in the unit of Strides
Per Minute (SPM), and the resistance levels (1-15). Motivated by this
observation, our project focuses on how to fill the gap between the
virtual synthesized world, the real gym activities of elliptical work-
outs, and the aesthetic considerations from the exergame designing
perspective so as to make it not only possible for the player to feel
the realistic physical feedback from the elliptical machine while
navigating our synthesized virtual scenes, but also possible for the
player to navigate the virtual world designed by themselves.Our
proposed interface called Elliptical4VR achieves such a goal by com-
bining sketch-based interface, virtual world procedural modeling,
and stochastic optimization-based computational design.

There are lots of related works that are focusing on building
virtual scenes using sketch-based interfaces. For example, in 2006,
Zeleznik et al. [18] proposed an interface for sketching 3D scenes
called SKETCH. In 2013, Xu et al. [17] proposed a sketch-based
interface called Sketch2Scene for sketch-based co-retrieval and co-
placement of 3D models. Nie et al. [12] proposed a sketch-based
interface called SHREC’18 Track for 2D scene sketch-based 3D
scene retrieval. In 2020, Gao et al. [3] proposed an image generation
interface called Sketchycoco which can generate image scenes from
freehand scene sketches. In 2021, Ribeiro et al. [14] proposed an uni-
fied model for scene search and synthesis from sketch called Scene
Designer. In 2022, Ham et al. [5] proposed Cogs which is a sketch-
based interface for controllable generation and search from sketch
and style. On other hand, there are lots of related works that are
focusing on building virtual scenes for exergame experience such as

the Walking-In-Place (WIP) techniques and Immersive Virtual En-
vironments (IVEs) techniques. In 2008, Feasel et al. [2] proposed an
interface called LLCM-WIP for low-latency and continuous-motion
walking-in-place. In 2009, Kulkarni et al. [7] developed a wind
display device for locomotion interface in a virtual environment.
In 2010, Steinicke [15] explored the gradual transitions and their
effects on presence and distance estimation. In 2014, Nilsson et
al. [13] established the range of perceptually natural visual walking
speeds for virtual walking-in-place locomotion. In 2015, Kulkarni
et al. [8] proposed a full body steerable wind display for a locomo-
tion interface. In 2018, Ludwig et al. [11] studied the The influence
of visual flow and perceptual load on locomotion speed. Tran et
al. [16] studied the perceived changes in moving speed through
a comparison between directly and indirectly powering the loco-
motion in virtual environments. In 2020, Li et al. [10] proposed a
novel approach for exertion-aware path generation. In 2023, Li et
al. [9] proposed a novel approach for synthesizing terrains for tread-
mill VR exergames. However, none of these mentioned works have
shown efforts in combining sketch-based interfaces for elliptical
exergame designs. Therefore, contributions of our work include:

e We implement an easy-to-use drag-and-drop interface for
the game designer to specify the relative Rate of Perceived
Exertion (RPE) scales and a low-learning-curve sketch-based
interface that help the game designers manually, interac-
tively, or randomly generate virtual scenes.

e We propose a novel approach for optimizing the resistance
levels and speed levels for the elliptical workout plan through
which the players can achieve their exercise goals.

e We propose a mathematical model, which is validated through
a preliminary user study, to connect elliptical device’s hap-
tic feedback with the virtual world generated through our
proposed interface via the motion simulation in VR.

2 OVERVIEW

As shown in Figure 2, our interactive framework takes input from
the user-specified personalized workout settings including rela-
tive RPE score (a) complied with some other exertion targets such
as overall energy expenditure, our approach automatically opti-
mization a workout plan that satisfies such user-specified exercise
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training goal. During the workout plan optimization process, we
initialize a workout plan (c) and randomly update it (d) according
to the total cost function (e). If the total cost is high, we repeat
updating the workout plan with the Monte Carlo Markov Chain
process; Otherwise, we calculate the predicted path elevation (f)
according to the optimized workout plan. With such path eleva-
tion function, we deform arbitrary randomly generated terrain
heightmap (g) according to the user’s creative virtual world design
(b) created via an easy-to-use sketching canvas tool we developed
to help the user easily sketch, click, or randomly generate a virtual
world design with paths, landmarks, and lakes. (h) shows the final
result of the virtual world synthesized with our approach that can
both deliver the player’s expected exertion goals while complying
with the user’s artistic design of the visual scene.

3 TECHNICAL APPROACH
3.1 Elliptical Workout Plan

In overall, we optimize a workout plan for the personalized elliptical
training according to three criteria: (1) the exercise experience
matches the relative RPE score manually designers by the exergame
designer. (2) the overall energy expenditure matches the target
energy expenditure and (3) the total running distance matches the
target running distance. We use three different cost functions to
represent encode these three criteria, they are relative RPE cost Cr,
energy expenditure cost Ce, and total distance cost Cyq respectively.
There corresponding weights are wr, we, and wq , then the total
cost function Cy, is defined as:

Ciotal (R, S) = wrCr(R, S) + weCe (R, S) + wyCy(R, S) (1)

where list R is the resistance levels (1-15) and S is the list of running
speeds (50-150 SPM). Both list of R and S are the parameters of
workout plan that are optimized during the optimization process.

Relative RPE Cost.As the Rate of Perceived Exertion (RPE) scales
measure physical activity intensity level, RPE generally tells the
perceived exertion is how hard the exergame player’s body is work-
ing. It is based on the physical sensations a person experiences
during physical activity, including increased heart rate, increased
respiration or breathing rate, increased sweating, and muscle fa-
tigue. Intuitively, a higher resistance level or higher speed will
result in a higher RPE score. Therefore, the relative RPE score is
proportional to resistance level and speed. Without loss of gener-
ality, assume there are N workout intervals corresponding to the
N rows of the workout table. Let R = {r;} and S = {s;} denotes
the resistance levels and speeds for i" interval respectively, where
i =1,2,...,N. Therefore, given the exergame designers’ input of
relative RPE scales targets Z = {(;}, we define the relative RPE cost
as the accumulative errors between K, R, and S according to the
relative RPE score’s defination RPE(R, S) = RS, we have:

) , @)

where we empirically set oy = 0.25 and define the normalization
operator x;, where Vx; € X and x; is calculated as:

11 9-
Cr(RS) =1—exp (_;N Z “é - F[Si|
E =t

x;—min(X)
%= {max(X)—min(X) max (X)#min(X) 3)
0 max (X)=min(X)
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Total Energy Cost. As another important aspect of personalized
elliptical training, the target energy expenditure is important for
the exergame players to achieve a specific exercise effect. Thereof,
we measure the difference between the energy expenditure of a
proposed workout plan and the expected energy expenditure tar-
get pe set by the exergame level designer. We propose the energy
expenditure cost function which is calculated as:

) ; 4)

N
K Z Y (ri,si) = pe
i=1

where we empirically set e = 0.25, set the calory coefficient k =
0.0875W and the average weight W is set to 90 kg by default, and
define the MET function ¢/(r;, s;) which is calculated as:

Ce(R,S) =1- exp(

1
Oe

Y(ri,si) = 5io(4.4 +0.02r7)s; (5)

Total Distance Cost. Given the same amount of training time, ad-
justing the total distance target pq will affect the speed of the ellip-
tical training process. Therefore, as another parameter to consider,
we minimize the difference between the total distance demanded
by the proposed workout plan and the total distance target as total
distance cost function which is calculated as:

N

AZsiAt—pd ) (6)

i=1
where we empirically set o = 0.25, set the time duration for each
traning interval At = 5 (mins), and stride length A = 0.5 (meter).

C4(R,S) =1 —exp (

o

3.2 Optimization Process

In order to quickly find out an optimized workout plan whose re-
sistance levels R and speeds S to minimize the total costs, we need
to sample solutions within the solution space efficiently. However,
a tiny solution search step to search each element in the array is
necessary for guaranteeing an accurate solution. In this case, both
R and S have integer values, therefore, the minimum search step for
both R and S is one. However, as the time intervals of the workout
plan increase, the solution space’s dimension increases exponen-
tially. Therefore, we are trying to solve this problem by reducing
its time complexity using a stochastic search algorithm to find a
local optimum as the approximate solution. Duirng the initializa-
tion stage, the resistance levels are set as Ry = {i|li = 1,2,...,N}
and speeds are set as constants Sop = {100, 100, 100, ...}. Then, we
formulate the optimization problem as an integer programming
problem by employing the Markov chain Monte Carlo method [4]
to search for a solution that minimizes the total cost function. Given
any randomly updated solution R and S, a new solution R’ and S’
are randomly proposed within the solution space through the fol-
lowing step, i.e. randomly pick an element in R or S and increase
or decrease that element by one. Our approach uses the Metropolis
criterion of simulated annealing technique [1, 6] to determine the
acceptance probability Pr(R’, §’|R, S) for accepting R’ and S’ as:
> o RS

Pr(R’,S’|R,S) = min(1, FRS) ), (7)
where f(R, S) is a Boltzmann-like objective function encoding the
total cost function which calculated from:

F(R.$) = exp(— Capa (R5), ®
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where t is the temperature parameter of simulated annealing, which
decreases gradually throughout the optimization. As the tempera-
ture ¢ decreases over iterations, the optimizer becomes less aggres-
sive and more greedy. By the end, as the temperature drops to a
low value near zero, the optimizer tends to accept better solutions
only. We empirically use temperature ¢ = 1.0 at the beginning of
the optimization and decrease it by 0.2 every 100 iterations until
it reaches zero. The optimization process is terminated if the total
cost change is smaller than 3% over the past 50 iterations.

3.3 Virtual Environment Synthesis

Path Elevation. Given the optimized elliptical workout plan as
resistance levels R = {r;} and speeds S = {s;} wherei=1,2,..,N
and given the resistance force table ® = {¢;} where empirically
@ = {0, 10, 14, 18, 25, 40, 70, 80, 95, 115, 124, 150, 175, 200, 240, 255}
(Unit in Newton), we can predict the path elevation A(t) at time ¢.
According to the physics rule, a player navigating a virtual path will
experience a resistance force F = {f;|f; = ®(r;)} for each interval i.
Mathematically, f; is composed of the gravitational force and the
frictional force with respect to path elevation angle ; through the
decomposition rule of forces which is calculated as:

fi = mg(sin 0; + p cos 0;), )

where y is the frictional coefficient. Using the sine function to
represent the resistance force model f; by assuming that:

i = mgRsin(6; + a) (10)
According to the angle addition formula of sine, there is:
fi = mg(Rsin 0; cos a + R cos §; sin ) (11)

Then, compared with Equation 9, we have Rcosa = 1 and Rsina =
1. Them, we have R% cos? @ = 1 and R? sin? @ = p%. Therefore,
R%(sin® & + cos? @) = 1+ p?. Since sin? @ + cos®? @ = 1 leads to
R =+/1+p?, so there is: sina = p/+/1+ p? and cosa = 1/4/1 + p2.

As tan @ = sin/cos & = 1, we have @ = tan™! 1. So we have:
i = mg4/1+ 2 sin(; + tan™! 1) (12)
Therefore, the elevation angle 8; can be calculated as:

- fi -1
i =sin”!{(—2—) —tan 1
0i=s (mgm) tan™" (p) (13)
Empirically, we set the frictional coefficient y = 0.5. Let t; denotes
the accumulative time for duration At; where to = 0 and t; =
ti—1 + At;, then the path elevation h(t) is calculated as:

N t
h(t):Z/O si(t) sin 0;(¢)dt (14)
i=1

where speed s;(t) = s; when t; < t < tj;1, otherwise is 0. Similarly,
elevation angle 6;(t) = 0; when t; < t < tj;1 , otherwise is 0.

Cosine Decay Function. In order to smoothly embed the predicted
path onto arbitrarily given terrain, we use the cosine decay function
to generate the ¢-map for the texture and the height-map of the
path. The cosine decay function is denoted as «}, (x), where w is
the user-specified width of the path, and r is the path impact range,
representing the path has the following features: (1) if the a-map
pixel’s distance to the center the path is less than the half of the
path width then the pixel’s alpha value should be 1. (2) if the pixel’s
distance to the center the path is greater than the half of the impact
range then the pixel’s alpha value should be 0. 3) otherwise the
alpha value decays smoothly from 1 to 0 as the distance increases.
Given these features, we defined the cosine decay function g, (x):

0.5(1 + cos(|x|w/x) |x| <k,
ox(x) = (15)
0 |x| > k.
where the alpha decay function o}, (x)is defined as:
<
() = = (16
orw(lxl = w) |x] > w.

Bridge Structure. In order to handle the situations where the
input path has self-intersections or intersections with the lake, we
generate bridge structures to solve this problem. When the path
curve p(s) has self-intersections, it means there is height ambiguity
happening to the intersecting points, in another word, there can
be two different heights on one single point on the heightmap.
However, heightmap is a one-to-one mapping function, it cannot
be able to support two different points. So one possible solution is to
build a bridge so that one point on the heightmap can be mapped to
two spatial points among which one is on the terrain while another
is on the bridge above the terrain. Let the set of path curve p(¢)’s
self-intersection points denoted as I, then there is:

I'={¥(to, t1)|p(to) = p(t1) A h(to) # h(t1)} (17)
Then for each intersection pairs Y (o, t1) € I swap (fo, t1) if h(to)

> h(t1). Then, for new intersection pairs, the former one is always
under the later one. Then, all the points on bridge are B:

B={Vp(t)ILp > 2lp(t) —p(tD)| Alt —t1] <[t —tol},  (18)

where the Ly, is the predefined bridge length. Once we calculated
the points on bridge B, there are another two steps left to generate
the bridge’s structure: (1) generate the 3D geometry of the bridge
points using the B. (2) reset the path height of the points under the
bridges using the B. The new path height function is:

h*(p(1)lp(t) € B) = h(to)Ar, +h(t)(1-2r,), (19)

where blending factor Ay, is calculated via cosine decay function:

A1, =01 (p(1) ~ p(t0)) (20)
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Figure 4: Numerical Experiment Results.

Terrain Synthesis. We render the terrain texture at any given pixel
(u,0) by blending the path texture Cp (u, v) with another different
texture for the terrain background Cy (u, v) using the alpha decay
function o}, (x) defined above. In this way, the path can be separated
from the whole terrain realistically. At the same time, the heightmap
of the path can also be calculated using this above alpha blending
approach. Mathematically, let d(u, v) = min(|p(¢) — (u,v)|) denotes
the minimal distance from any given pixel (u,v) on the a-map to
the path curve p(t), t € [0, 1], then the texture color at this pixel
C(u,v) can be calculated using this formula:

C(u,0) = oy, (d(u,0))Cp(u,0) + (1 — a1,(d(1,0)))Cp (u,0)  (21)

However, we want to make the path level and parallel to the horizon
from the player’s view, so we should make the height of the terrain
near the path equal to to the height of the center of the path. So the
heightmap h(u, v) can be calculated using this formula:

h(u,0) = al,(d(u,0)h(p(t*)) + (1 — &, (d(u,0))h(u,0),
where t* is the solution of ¢ for the equation: [p(t)— (u,v)| =

(22)
d(u,v).

4 EXPERIMENT RESULTS

Figure 4 shows the numerical experiment results of testing our pro-
posed interface. All experiments are under the setting of the same
distance target of 2000 m and time interval as 5 mins. Three rows
show three different Relative RPE targets along with three different
drawing virtual world designs. The first relative RPE target shows
an alternating effort with amplifying amplitude, the second relative
RPE target shows an alternating effort with constant amplitude, and
the third relative RPE target shows an alternating effort with decay-
ing amplitude. Those three different drawing virtual world designs
contain paths in the shapes of letters A’, ’C’, and "M’ respectively.
For the subfigure in each row, there are seven columns. The first
column shows the user input of relative RPE targets and drawing
virtual world designs. The second column to the fourth column
shows the optimizations with three different energy expenditure
settings of 300 Cal, 400 Cal, and 500 Cal under the same speed con-
straint setting as 100 SPM. The fifth column to the seventh column
shows the optimizations under varying speeds condition.
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User Study. Through the motion simulation in VR, we conduct a
preliminary user study by connecting the elliptical machine’s inter-
action with the navigation in the virtual world generated through
our proposed computational design interface. Figure 5 shows the
screenshot of this study where the left subfigure shows the user’s
view in the Oculus Quest 2 VR headset while the right subfigure
shows the user’s gym activities on an elliptical machine. During this
experiment, the user’s controllers are bounded on the two handles
of the elliptical machine. As the user is walking on the elliptical ma-
chine, the user’s controllers will move forward or backward in the
meanwhile. Therefore, according to the motion captured from the
user’s controllers, the navigation speed can be accurately simulated
in the virtual scene generated with our proposed approach.

At the beginning of the study, we ask the user wearing a VR
headset to keep looking ahead for At time. Let f(¢) denote the
VR headset’s forward orientation at time t, Then, we estimate the
forward orientation of the elliptical machine d as:

1 At
d~ — f(r)de 23
[ o 3

where we empirically set At = 3 (sec). Let pj;,(t) denote the
left/right VR controller’s position at time ¢, then the user’s walking
velocity in the virtual environment is v(#):

v(t) =k (max(O, p(t) - d) + max(0, pr(t) - &)) i (29

where k is the speed up setting which is empirically set as 2.
According to the user’s feedback about the navigation experience
in virtual reality, the walking experience on the elliptical machine is
immersively mapping to the virtual environment which is generated
through our proposed approach. This validates the correctness and
accuracy of our proposed simulation approach for mapping the
elliptical walking experience into the VR navigation experience.
The video recording for this preliminary user study can be find
through this URL link at here https://youtu.be/iZGVSpzPZWs

5 CONCLUSION

In this paper, we propose Elliptical4VR, an interactive exergame
authoring tool that synthesizes virtual environments and training
programs for personalized elliptical workout experiences in vir-
tual reality. The goals of our project are mainly focused on two
aspects: (1) Optimize the elliptical workout plan so that the player
can achieve the proposed exercise goals including the overall in-
tensiveness of the game (e.g. how many calories are burned, how
long the running distance is, etc.) and also match the user-specified
relative RPE patterns during the game which are reflecting the ex-
perience during the exergame. (2) The visual perception of the force
of users walking on the path in the virtual world need to match
with the haptic feedback from the elliptical machine, so as to create
a high-level immersiveness through such compatibility between
visual feedback and haptic feedback. Both numerical experiments
and the preliminary user study validate our interface w.r.t these
two goals. In future work, we will focus on extending the user study
scale so as to test the efficacy and accuracy of our proposed inter-
face with a wider range of demands from the exergame designers.

Li et al.

Figure 5: Preliminary User Study Result.
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