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visualization for virtual humans
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Human performance measures such as discomfort and joint displacement
play an important role in product design. The virtual human SantosTM, a
new generation of virtual humans developed at the University of Iowa, goes
directly to the computer-aided design model to evaluate a design, saving
time and money. This paper presents an optimization-based workspace zone
diﬀerentiation and visualization. Around the workspace of virtual humans,
a volume is discretized to small zones and the posture prediction on each
central point of the zone will determine whether the points are outside the
workspace as well as the values of diﬀerent objective functions. Visualization of zone diﬀerentiation is accomplished by showing diﬀerent colours
based on values of human performance measures on points that are located
inside the workspace. The proposed method can subsequently help
ergonomic design. For example, in a vehicle’s interior, the controls should
not only lie inside the workspace, but also in the zone that encloses the
most comfortable points. Using the palette of colours inside the workspace
as a visual guide, a designer can obtain a reading of the discomfort level of
product users.
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1. Introduction
Generally, there are several methods to determine human workspace. The ﬁrst method
involves experimental-based methods using a large number of participants to determine
human reach (Badler 1997, Ottaviano et al. 2001, Chaﬃn 2002, Parkinson et al. 2003,
Reed et al. 2003). The second one is the voxel-based method (Troy and Guerin 2004) that
relies on the idea of dividing the volume of the reach envelope into a set of voxels, the
third one is the closed-form solution (Abdel-Malek et al. 2001, Sharma et al. 2004, Yang
et al. 2004a,b), and other approach is the probabilistic method (Venema and Hannaford
2001).
Visualizing human workspaces is an important aspect of product design and very
useful in the process. For example, in vehicles the workspace of the arm gives an idea
whether a certain control is within the reach of the driver. However, the workspace by
itself does not reﬂect how comfortable drivers will be while activating certain buttons or
the eﬀort they need to activate it. The workspace simply diﬀerentiates the reachable
points from non-reachable ones.
In order to better understand the workspace, it is important to diﬀerentiate the points
inside according to diﬀerent human performance measures. This will save time and cost
for designers when products are designed for human use. For example, in layout design of
automobiles, designers have to use many participants to test the most comfortable points
that the driver can reach, a method that is time-consuming and expensive. To the authors’
knowledge, there has not been any reported research on zone diﬀerentiation for humans’
workspaces. This paper presents an optimization-based method for zone diﬀerentiation
of the virtual human, SantosTM. Although this paper has three illustrated examples,
upper body, upper extremity and elbow, the proposed method can be applied to any part
of Santos’TM body.
The organization of this paper is as follows. Section 2 presents SantosTM model, and the
Denavit Hartenberg (DH) method (Denavit and Hartenberg 1955). Section 3 discusses the
methodology of the optimization-based approach. Section 4 gives examples of the zone
diﬀerentiation for upper body, arm and elbow workspaces; ﬁnally, a conclusion is made.
2. Background
To establish a systematic method for the biomechanical modelling of human anatomy,
researchers have implemented conventions for representing segmental links and joints.
Perhaps the most important element of a joint is its function, which may vary according to the
joint’s location and physiology, the latter of which becomes important in discussion of the
loading conditions of a joint. In terms of kinematics, the function is addressed in terms of
the number of degrees of freedom (DOF) associated with its overall movement. Muscle
action, ligaments and tendons at a joint are also important and contribute to the function.
For example, the elbow joint is characterized as having a rotational joint with one
DOF because it allows for ﬂexibility and extension in the sagittal plane as the radius and
ulna rotate about the humerus (ﬁgure 1). Akin to the hinge of a door, this joint is
represented by a cylinder that rotates about one axis represented as a cylindrical
rotational joint in ﬁgure 1.
Figure 2 shows the model SantosTM, whose movement is represented by combinations
of over 100 DOF.
Using the DH method to describe one coordinate system with regard to another
coordinate system, the position and orientation of each axis establishes the four
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Figure 1. One degree of freedom elbow.

Figure 2. SantosTM model.

parameters yi, di, ai, ai, and thus determines the resulting (4 6 4) transformation matrix.
A vector iv resolved in the ith coordinate system may be expressed in the (i71)th
coordinate system (i71v) by performing four successive transformations as follows:
(1)
(2)
(3)
(4)

A rotation about the zi71 axis by an angle of yi to align the xi71 axis with the x
i axis (as shown in ﬁgure 3, xi71//xi and pointing in the same direction).
A translation along the zi71 by a distance of di units to make xi71 and xi aligned.
A translation along the xi axis by a distance of ai units to make the two origins of the
i and (i 7 1) systems coincide (the xi and the xi71 will also be aligned).
A rotation about the xi axis by an angle ai to coincide the two coordinate systems.

Each step above is expressed by a basic homogeneous rotation or translation
matrix. For example, Tz,d denotes a translation matrix along z with d units. The
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Figure 3. Joint coordinate system convention and parameters.
product of these four matrices results in a composite homogeneous transformation
matrix:
i1

Ti ¼ Tz;d Tz;y Tx;a Tx;a
2
32
cos yi
1 0 0 0
6 0 1 0 0 76 sin y
i
6
76
¼6
76
4 0 0 1 di 54 0

0 0 0 1
0
2
cos yi cos ai sin yi
6 sin y
cos ai cos yi
i
6
i1
Ti ¼ 6
4 0
sin ai
0
0

32
32
1 0 0 ai
1
0
0 0
6 0 1 0 0 76 0 cos a
0 07
i
76
76
76
76
0
1 0 54 0 0 1 0 54 0 sin ai
0
0
0
0 1
0 0 0 1
3
sin ai sin yi ai cos yi
sin ai cos yi ai sin yi 7
7
7
5
cos ai
di
sin yi
cos yi

0

0
sin ai
cos ai
0

3
0
07
7
7
05
1

1
ð1Þ

For any sequence of segmental links and joints, two reference frames are
represented by the multiplication of the transformations between them. To relate the
coordinate frames m 7 1 and m þ n, the multiplication of the transformations is carried
out as:
m1

Tm m Tmþ1 . . . :mþn1 Tmþn ¼ m1 Tmþn

ð2Þ

Equally, to relate the base frame usually denoted by zero to the nth frame, all
transformation matrices are multiplied, such as:
0

Tn ðqÞ ¼ 0 T1 ðq1 Þ1 T1 ðq2 Þ . . . n1 Tn ðqn Þ

ð3Þ
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Subsequently, for an open-chain system shown in ﬁgure 4 with q ¼ [q1,. . .,qn]T, a vector
described in the hand coordinate system nx (typically the coordinates of an anatomical
landmark) can be resolved in the base coordinate system (e.g. embedded in the waist) by
pre-multiplying the overall transformation matrix as:



n 
xðqÞ
x
¼ 0 Tn ðq1 ; . . . ; qn Þ
1
1

ð4Þ

The extended vector is necessary to allow for the (4 6 4) matrix multiplication. The
vector function x(q) characterizes the xyz coordinates of the hand with regard to the waist
(ﬁgure 4). Santos’ 100 DOF entail ﬁve open loops starting from the waist to head, left
hand, right hand, left leg and right leg.
3. Methodology
The concept behind the optimization-based approach for workspace zone diﬀerentiation
is that the multi-objective posture prediction method is used to predict the posture for a
set of target points that are generated by sampling a large cube that surrounds the
workspace. The cube is sampled in three directions (x, y and z) according to a resolution
that will be determined by the user and creates a set of 2-D planes that look like slices
inside the box. Thus, every plane consists of a set of target points that are sampled inside
it. The inverse kinematics problem will then be solved for each point using an
optimization-based method. For every predicted posture, corresponding human
performance measure values will be recorded. Since not all the points in the cube are
expected to be reachable, each point is checked to determine whether it lies in the
workspace.
After all the reachable points in the cube are assigned diﬀerent objective values
(discomfort, eﬀort and joint displacement), the human performance measure values are
normalized according to the global maximum of all the values that are achieved during
the computations. Based on the normalized values, each voxel will then be assigned a
binary number that lies between (00 and FF) that reﬂects a grey level value. Hence, a

Figure 4. An open-loop chain.
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greyscale picture can be visualized for each plane, where black represents a point with a
maximum objective value while white represents a point with a minimum objective value.
Therefore, the result is a set of pictures that reﬂect the zone-diﬀerentiated workspace of
each slice inside the sampled cube created before. A 3-D view of the zone-diﬀerentiated
workspace can be done by assembling the resultant slices and visualizing them all at the
same time. The ﬂow chart of the optimization-based zone diﬀerentiation approach is
shown in ﬁgure 5.
Within this methodology, posture prediction is the key step. In this section, a detailed
explanation for posture prediction is presented. For each target point xtarget point inside
the workspace, ﬁnding the value of human performance measures related to this point is
an optimization problem. In general, the optimization problem includes ﬁnding the
design variables in the vector q in order to minimize human performance measures. The
problem is constrained by joint limits and by the requirement that the avatar’s endeﬀector(s) must contact the target point(s). The multiple-objective optimization
formulation is deﬁned as follows:
Find : q 2 Rn

Figure 5. The ﬂow chart of the optimized-based zone diﬀerentiation algorithm.
HPM ¼ human performance measure(s).
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to minimize: human performance measure(s)

2
subject to : xðqÞ  xtarget point  e
qLi  qi  qU
i ; i ¼ 1; 2; . . . ; n
where e 4 0 is a small parameter.
Human performance measures entail joint displacement, delta potential energy and
discomfort (Yang et al. 2004b). This section brieﬂy reviews these objective functions.
The joint displacement objective function is the weighted sum of the square value of the
diﬀerence between the predicted value of each generalized coordinate (qi) and its neutral
TM
is used as a
position (qN
i ) value. In this objective function a neutral position of Santos
N
reference in the computations. qi is measured from the starting home conﬁguration. The
home conﬁguration is characterized by q ¼ 0, and the neutral position qN represents a
relatively comfortable position. The more displacement there is between the values of
generalized coordinates of the predicted position and that of the neutral position the
higher value the function will give. The joint displacement is deﬁned as:
n
X
2
wi ðqi  qN
ð5Þ
fJointDispl ðqÞ ¼
i Þ
i¼1

where the weights Wi are from experiments. The delta potential energy objective
function represents the diﬀerence between the potential energy of the lumped masses of
body segments taken at the neutral position with the one taken at the predicted posture.
If the potential energy function were used directly, there would always be a tendency to
bend over, thus reducing potential energy. Consequently, the change in potential energy
is actually minimized. Each link in a segmented serial chain, as depicted in ﬁgure 6 (e.g.
the forearm), has a speciﬁed centre of mass.
The vector from the origin of a link’s local coordinate system to its centre of mass is
given by ri, where the subscript indicates the relevant local coordinate system. In order to
determine the position and orientation of any part of the body, the transformation
matrices (i71)Ai are used, which are 4 6 4 matrices that relate local coordinate system-i
to local coordinate system-i 7 1. Consequently, ri is actually an augmented 4 6 1 vector
with regard to local coordinate system i, rather than a 3 6 1 vector typically used with

Figure 6. Illustration of the potential energy of the upper body.
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Cartesian space. g ¼ [0 7g 0 0]T is the augmented gravity vector. When the human upper
body moves from one conﬁguration to another, there are two potential energies, P0i ,
which is associated with the initial conﬁguration, and Pi, which is associated with the
current conﬁguration. Therefore, for the ﬁrst body part in the chain (the lower torso), the
0
potential energies are P01 ¼ m1 gT 0 A1 r1 and P1 ¼ m1 gT 0 A r1 . The potential energies for
0
T 0 0 1 0
the second body part are P2 ¼ m2 g A1 A2 r2 and P2 ¼ m2 gT 0 A1 1 A2 r2 . The potential
0
0
energies for the ith body part are P0i ¼ mi gT 0 A1 . . . i1 Ai ri and Pi ¼ mi gT 0 A1 . . . i1 Ai ri .
0 0
i1 0
In ﬁgure 6, Dhi is the y-component of the vector A1 . . . Ai ri  0 A1 . . . i1 Ai ri . The ﬁnal
objective function, which is minimized, is deﬁned as follows:
k
X
ðmi gÞ2 ðDhi Þ2
ð6Þ
fDeltaPotential ðqÞ ¼
i¼1

where k is the number of the lumped masses for body segments.
The discomfort objective function is one that relies on sequential utilization of groups
of joints. In the actual world, when humans try to reach a point in space, they try to reach
it with their upper arm (wrist, elbow and shoulder). If the point is beyond the reach of the
upper arm joints they will tend to use their torsos to extend their hand more. If they still
cannot reach the target then they will try to use their clavicle, and so on. Based on the
aforementioned, the discomfort objective function divides the joints into groups, the
torso joints, the clavicle joints and the upper arm joints. Based on the group to which
every joint belongs, it will be assigned a weight.
The lexicographic method for multiobjective optimization (MOO) is designed to
incorporate this type of preference structure. However, solving a sequence of
optimization problems can be time-consuming and impractical for real-time applications
such as human simulation. The weighted sum method can be used to approximate results
of the lexicographic method if the weights have inﬁnitely diﬀerent orders of magnitude
(Miettinen 1999, Romero 2000). This results in the weights shown in table 1.
Although weights are used here, they do not need to be determined as indicators of the
relative signiﬁcance of their respective joints; they are simply ﬁxed mathematical
parameters. In addition, the exact values of the weights are irrelevant; they simply have to
have signiﬁcantly diﬀerent orders of magnitude. Note that some of the weights in table 1
are discontinuous; this is because movement in various directions can result in diﬀerent
degrees of acceptability. These discontinuities can lead to computational diﬃculties.
However, with this discomfort objective, such discontinuities are avoided.
The weights in table 1 are used in a function that is based on (5) with the neutral
position. However, prior to applying the weights, each term in (5) is normalized as
follows:
Dqnorm ¼

qi  qN
i
L
qU

q
i
i

ð7Þ

Table 1. Joint weights for discomfort.
Joint variable
q1,. . .,q12
q13,q14
q15,. . .,q21

Joint weight
1 6 104
1 6 108
1

Comments
Used with both positive and negative values of qi  qN
i
Used with both positive and negative values of qi  qN
i
Used with both positive and negative values of qi  qN
i
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With this normalization scheme, each term ðDqnorm
Þ2 acts as an individual objective
i
function and has values between zero and one.
Generally, this approach works well but often results in postures with joints extended to
their limits and such postures can be uncomfortable. To rectify this problem, extra terms
are added to the discomfort function such that the discomfort increases signiﬁcantly as
joint values approach their limits. The ﬁnal discomfort function is given as follows:
n h
i
1X
gi ðDqnorm
Þ2 þ G  QU þ G  QL
i
G i¼1



100
5:0ðqU
i  qi Þ
QU ¼ 0:5Sin
þ 1:571 þ 1
L
qU
i  qi



100
5:0ðqi  qLi Þ
QL ¼ 0:5Sin
þ
1:571
þ
1
L
qU
i  qi

fDiscomfort ðqÞ ¼

ð8Þ

where G 6 QU is a penalty term associated with joint values that approach their
upper limits and G 6 QL is a penalty term associated with joint values that
approach their lower limits. Each term varies between zero and G, as
U
L
L
U
L
ðqU
i  qi Þ=ðqi  qi Þ and ðqi  qi Þ=ðqi  qi Þ vary between zero and one. In this case,
6
G ¼ 1 6 10 . Figure 7 illustrates the curve for the following function, which represents
the basic structure of the penalty terms:
Q ¼ ð0:5Sinð5:0r þ 1:571Þ þ 1Þ100

ð9Þ

U
L
L
U
L
r represents either ðqU
i  qi Þ=ðqi  qi Þ or ðqi  qi Þ=ðqi  qi Þ. Thus, as ﬁgure 7
illustrates, the penalty term has a value of zero until the joint value reaches the
U
L
upper or lower 10% of its range, where either ðqU
i  qi Þ=ðqi  qi Þ 
L
U
L
0:1 or ðqi  qi Þ=ðqi  qi Þ  0:1. The curve for the penalty term is diﬀerentiable and
reaches its maximum of G ¼ 1 6 106 when r ¼ 0. The ﬁnal function in (8) is multiplied by
1/G to avoid extremely high function values.

4. Illustrative examples
The optimized-based zone diﬀerentiation algorithm previously described will be
illustrated with a planar upper extremity example and several 3-D examples, which

Figure 7. Graph of discomfort joint-limit penalty term.
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correspond to three body segments. For the planar example, joint displacement and the
discomfort objective functions are implemented, respectively. For each case in 3-D
examples, the results will be shown using the three diﬀerent objective functions (joint
displacement, discomfort and delta potential energy) and their combination.
4.1. Planar upper extremity example
To illustrate the approach, a simple example will be shown below for zone diﬀerentiation.
Figure 8 shows the model of the 3 DOF planar arm. The range of motion (radians) is as
follows: 70.77  q1  2.01, 72.271  q2  70.523 and 70.1745  q2  0.524.
N
N
The neutral posture is deﬁned as: qN
1 ¼ 1:396; q2 ¼ 0:612; q3 ¼ 0. The workspace
zone diﬀerentiation by joint displacement is shown in ﬁgure 9 and zone diﬀerentiation
based on displacement is illustrated in ﬁgure 10.
From ﬁgures 9 and 10, either of the results can illustrate that diﬀerent zones have
diﬀerent colours, which represent diﬀerent objective values. This is a simple way to
determine and visualize the diﬀerentiated zones inside the workspace.
4.2. SantosTM upper body
The upper body of SantosTM has 30 DOF when the hand is considered as a rigid body. In
this example, a 21 DOF model can be considered from the waist to the right hand, shown
in ﬁgure 11. Figures 12–14 show the results of the three objective functions, respectively,
where links lengths are from Andersson and Chaﬃn (1984).
It can be noticed that the zone diﬀerentiation results are diﬀerent for diﬀerent objective
functions. In ﬁgure 12, it can be seen that for the joint displacement objective function,
the objective values spike up at the edges where joints will extend too far away from the
neutral position (most noticeably for the torso and the clavicle). Figure 13 shows that the
results of the delta potential energy analysis are a little diﬀerent from those of the joint
displacement. This can be understood from the fact that delta potential energy relies on
the diﬀerence in the heights of the centre of masses, which can be clearly noticed from the
ﬁgure where the colour varies only in the vertical direction. Figure 14 shows that the
discomfort result is similar to the joint displacement one, due to the fact that the two

Figure 8. Three degrees of freedom planar arm model.

Downloaded By: [The University of Iowa] At: 15:17 1 March 2008

Workspace zone diﬀerentiation and visualization

405

Figure 9. Zone diﬀerentiation by joint displacement.

Figure 10. Zone diﬀerentiation based on discomfort.
objective functions are similar except that the discomfort objective function has higher
penalty for the spine and clavicle joints.
Since MOO makes it possible to predict postures using multiple objective functions at
the same time, the workspace zone diﬀerentiation of the upper body will be based on the
following equation as one example that w1 ¼ w2 ¼ w3 as:
1
1
1
f ¼ fJointDispl þ fDeltaPotential þ fDiscomfort
3
3
3

ð10Þ
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Figure 11. A 21 degrees of freedom model.

Figure 12. Zone diﬀerentiation for the upper body using joint displacement.

Figure 13. Zone diﬀerentiation for the upper body using delta potential energy.
Figure 15 shows the result.
From the MOO example it can be noticed that the result is completely diﬀerent from
the three single objective function results obtained before. This is due to the fact that in
the single objective cases the results are 100% optimized toward the corresponding
objective function, while in the MOO case all of the three objective functions contribute
the cost function for the optimization problem.

Workspace zone diﬀerentiation and visualization
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4.3. SantosTM upper extremity
In this example, the model has 9 DOF and includes the clavicle, shoulder, arm and hand.
Figures 16–18 show the zone diﬀerentiation results for the three objective functions,
respectively.
From ﬁgure 16 it can be seen that for the joint displacement cost function, the objective
values spike up at the area that surrounds the centre of the sphere, which is the area that

Figure 14. Zone diﬀerentiation for the upper body using discomfort.

Figure 15. Zone diﬀerentiation of upper body using MOO.

Figure 16. Zone diﬀerentiation of upper extremity using joint displacement.
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Figure 17. Zone diﬀerentiation of upper extremity using delta potential energy.

Figure 18. Zone diﬀerentiation of upper extremity using discomfort.
surrounds the shoulder joint, where joints located in the elbow and wrist also will be
extended near their limits. In addition, unlike the joint displacement results of the upper
body, the values of the objective function do not spike up at the edges. The reason for
high values in the upper body case was due to the bending of the torso. In ﬁgure 17 it can
be noticed that the results of the delta potential energy analysis are similar to its
counterpart of the upper body. However, in the upper extremity case a larger critical area
can be noticed due to the fact that most changes of potential energy in the upper body are
from the upper extremity. The discomfort case in ﬁgure 18 is similar to the upper body
case.
Figure 19 shows the result from MOO using the same weights as the upper body case.
It shows that a variation in colours has been obtained in two diﬀerent directions, the
vertical and the horizontal. In the delta potential energy results, it was noticed that the
colours vary only in the vertical direction, which is the direction in which the diﬀerence in
height between the links centres of masses vary. However, the addition of the discomfort
and joint displacement to the multiple objective functions results in colour variation in
the other direction.
4.4. SantosTM elbow
Figure 20 shows the results of the elbow part with single objective functions. Figure 20
also shows that the joint displacement values become extremely high in two places. First,
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Figure 19. Zone diﬀerentiation of upper extremity using discomfort.

Figure 20. Single objective function results for the elbow.

it spikes up on both ends of the volume, which are the places where the elbow joint
reaches its upper or lower limit. The second place is in the inner edge of the volume where
the wrist joint reaches its limits. The potential energy values rise up in the middle of the
volume where the vertical height reaches the maximum. The discomfort results are similar
to the results obtained from joint displacement study.
By applying MOO, the zone-diﬀerentiated workspace is visualized for the arm
segment. Figure 21 shows the results. It can be clearly seen that using a multiple objective
function in this case gave a similar result to that of the delta potential energy.
5. Implementation in the virtual environment
One of the main goals of the zone diﬀerentiation study is to implement the results on
SantosTM in the virtual environment. In order to have a user interface that allows the user
to interact with the volumetric data, the results obtained above are re-sampled in three
directions (XY, XZ and YZ planes). The re-sampling process provides three sets of voxel
data, one for each plane. Every dataset is a group of voxel images that, when loaded
together, allow a visualization of the workspace zone diﬀerentiation. Since the datasets
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are perpendicular to each other, it is possible to visualize the volumetric data in three
diﬀerent planes. The user is also able to slide the three planes as he/she wants and watch
in real time the changes in the planes. The sliding of the cutting planes inside the volume
is nothing more than moving from one voxel image to another. This allows a favourable
interaction between the user and the generated zone diﬀerentiated volume. The following
ﬁgures show the results as they appear on SantosTM in the virtual environment. Figure 22
shows the discomfort zone diﬀerentiated upper body’s workspace, ﬁgure 23 shows the
discomfort zone diﬀerentiated upper extremity’s workspace, while ﬁgure 24 shows the
zone diﬀerentiated workspace of SantosTM elbow segment.

Figure 21. Zone diﬀerentiation of the elbow using MOO.

Figure 22. Implementation (upper body) in virtual environment using discomfort.
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Figure 24. Implementation (elbow) in virtual environment using discomfort.
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6. Conclusion
A workspace zone diﬀerentiation algorithm that can work for any joint limits, link
lengths, objective function and resolution has been developed. The algorithm for the zone
diﬀerentiation visualization gives the capacity for the user to control the resolution, the
objective function, the link lengths and the joint limits. The results are diﬀerent for
diﬀerent objective functions. For example, the discomfort analysis is completely diﬀerent
from that of the delta potential energy, i.e. some areas that appear to be comfortable
appeared to have high potential energy, and vice versa. The variation in the results
obtained between the three objective functions gives the user the ﬂexibility in choosing the
objective function or the mix of objective functions that can better ﬁt the application. In
addition to accomplishing the zone diﬀerentiation objective, users are able to visualize the
workspace of SantosTM upper body, which is diﬃcult to generate before using the
Jacobian rank deﬁciency method (Yang et al. 2005) due to the high number of DOF.
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