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Selecting. Selection happens when a user wants to 1) examine
detailed family trees of a Sankey node, or 2) define family trees of
interest before running MLM. When a user clicks a Sankey node,
detailed information of the node is displayed in the Detail Panel.
Further, multiple selection and undo-selection are supported.

Locating. When a user hovers over a Sankey node, the hovered
family tree, represented as a pixel line, becomes gray and the user is
able to investigate node-link structure of the tree with a tooltip pane.
This allows users to preview, or review, family trees contained in one
Sankey node, and recall the definition of the Sankey node.

Splitting. Splitting is the key operation to group family trees
according to structural features. With the help of locating, a user is able
to split Sankey nodes with flexibility. In addition to free-form splitting,
a user can split a Sankey node by “Continuity” (i.e., family trees
stopping at some generations) or “Attribute” (i.e., structural features
of trees, such as inclination). Locating works closely with splitting to
partition a Sankey node into multiple parts. For example, by pressing
“Alt” when clicking a Sankey node, a user can set up multiple cutoff
lines on a Sankey node. Then, the user is able to split the Sankey node
by clicking “Split by Attribute”, as illustrated in Figure 8.

Merging. TreeEvo allows users to merge multiple Sankey nodes on
the same row. During the interview sessions with our experts, Merging
is often used to undo splitting if the partition is not desirable. Further,
to provide a short-cut to undo partitioning on all rows, a “Reset All”
button is enabled on the top of Flow Panel. In practice, the button is
useful for starting a new analytical process after finishing the old one.

Scaling. A user can change the scale of the width of a Sankey
diagram to “Absolute” or “Percentage”. “Absolute” means that the
width of each Sankey node encodes the number of family trees it
contains (Figure 11(a)), while “Percentage” unifies the total width of
all Sankey nodes in the same row, as shown in Figure 11(b). Thus, we
care more about how many family trees contained in one Sankey node
account for all trees in the same row.

4.1.3 Discussion on Visual Aggregation of Trees
In multi-generational analysis of family trees, tracing structural changes
across multiple generations (i.e., tree depths) is essential, which is
enabled by the aforementioned analytical tasks (T1 and T2). That is,
each tree should be simplified and organized based on some criteria,
such as depth and inclination, in an abstract visual summarization of
the multi-generational changes. Moreover, at each generation, the
overall distribution of the structure traits of all trees may differ, raising
questions such as “how personal traits of male founders affect the tree
structure with five generations?” To answer these questions and track
the changes through generations, a user needs to filter and collect all
trees at each generation based on the corresponding criteria (T4).

The above considerations lead us to choose the Sankey diagram
which is further empowered with flexible partition of Sankey nodes
(Figure 6(b)), because its “flow” metaphor naturally reveals the trends
of tree structural traits across generations (depths). As described
earlier, this design allows our experts to interactively select sub-trees
of various depths with ease, and obtain an effective overview of the
multi-generational structural changes in the tree collection. Our experts
initially found it difficult to comprehend the design because they were
unfamiliar with Sankey diagrams. However, they were later able to
understand them with the help of an illustration similar to Figure 6(b).
In the end, they found it easy to use for defining groups of family trees
with different structural features.

Before our final design, we have explored several alternatives in the
study. To begin with, we design a traditional bar chart as shown in
Figure 6(c). Each bar groups all family trees with certain numbers of
maximum generations (depth). For example, the first bar contains trees
with two generations, and the second bar, three generations, etc. While
the design is easy to understand, it is infeasible to select sub-trees
in each bar because the design does not focus on sub-trees of each
generation.

Inspired by directed acyclic graph visualization [21], we design
another two alternatives (Figure 6(d) and (e)) for tree aggregation.
These two approaches align all family trees, and group all male

left right

(a) (b) (c)

Figure 7. (a) Each family tree is represented by a pixel line, and all
pixel lines are aligned adjacently. (b) Pixel lines are colored according to
structural features (e.g., inclination). (c) Pixel lines are sorted based on
structural feature to help users understand the distribution of the feature.
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Figure 8. Example of splitting interaction. (a) Users first specify two
cutoff lines on a Sankey node. (b) Then, they click the “Split by Attribute”
button to generate three separate smaller Sankey nodes.

members of the same generation into the one Sankey node and use lines
to indicate father-son relationships. The design in Figure 6(e) further
sorts tree nodes based on birth order. Both methods have an advantage
in selecting family members of interest. However, each Sankey node
contains family members instead of family trees, which may cause
confusion and hinder experts from selecting desired trees groups. In
addition, the scalability is limited if a series of links representing
father-son relationships are drawn.

During the design study, we proposed the above design alternatives
to our experts with sketches and low-fidelity prototypes. An in-depth
user study is needed to further confirm our observations of scalability,
learning, and facilitated tasks for each design.

4.1.4 Design Process of Pixel Lines
We explore the design of displaying distributions of structural features
on a Sankey node through an iterative process by working with our
experts. Initially, we presented an area chart. Taking inclination as an
example (Figure 9(a)), the x-axis represents the value of inclination,
from � 1 to 1, while the y-axis is the number of family trees. This
design is able to show the distribution of structural features in a familiar
way. However, it fails to provide enough details. For example, our
experts cannot answer questions like “what portion of family trees have
inclination to the left or to the right in this Sankey node” (T2).

To support more details, we employ pixel-based techniques [34].
We have tried a pixel-map based method. As illustrated in Figure 9(b),
each pixel, or small rectangle, represents a family tree and all pixels are
sorted from top to bottom, from left to right by inclination. This design
is able to provide more details compared with the area chart. However,
partition may be sometimes undesirable in practice. For example,
when partitioning a Sankey node into two parts, i.e., inclination to
the right and others, our experts find many errors in the partition.
As shown in Figure 9(d), white rectangles represent balanced family
trees. However, those with a black border are categorized into the
“inclination to the right” group. Compared with the pixel map design,
pixel lines (Figure 9(c)) allow experts to split Sankey nodes more
precisely (Figure 9(e)). During our interview in the second phase,
the experts were able to generate desired partitions with the pixel-line
design, and they appreciated the understanding of the distribution of
structural features in each Sankey node.

4.2 Displaying Details
When a user selects one, or multiple Sankey nodes, detailed composi-
tion of each Sankey node is displayed in a space-filling representation
in the Detail Panel (T3), as shown in Figure 5(b). When designing the
Detail Panel, we find it challenging to provide enough details while
avoiding information overload. Based on an observation that many
family trees share the same node-link structure, we first group trees
with the same structure, and then employ a Treemap algorithm [17]
to visualize each group of trees in a compact layout. As shown in
Figure 5(b), each rectangle in a Treemap represents a group of family
trees with the same structure. The area of each rectangle encodes
the number of family trees, and the color is mapped to the value of
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Figure 9. Design alternatives to visualize family trees in a Sankey node.
Although area chart (a) may present the distribution of structural features,
it does not provide enough details. Partition in pixel maps (b) may cause
a number of errors (highlighted with black border in (d)). On the other
hand, partition in pixel lines (c) is more precise (no mis-partitioned pixel
lines in (e)). The black vertical lines in (d) and (e) indicate cutoff lines.

structural features, which is consistent with the color encoding of pixel
lines in the Flow Panel. If a rectangle is large enough and has an
adequate aspect-ratio, we overlay the node-link tree structure onto it
for users to explore high-frequency trees with ease.

To help users examine infrequent tree structures, which are rep-
resented as small rectangles in the Detail Panel, semantic zooming
is supported. Specifically, when a user clicks a small rectangle, the
rectangle expands to occupy more screen space while other rectangles
shrink to a smaller area. The tree structure is then displayed. An
animation is played to ease the transition between different visual states
of the rectangle. Furthermore, a user can click the expanded rectangle
to restore the layout.

We choose Nmap [17] to calculate the space-filling layout because it
can generate rectangles with a higher aspect-ratio, which is important
for providing adequate space to display the tree structure. To feed a
number of groups of trees as the input of Nmap algorithm, we first
assign an initial placement to each tree group. That is, we place all
groups from left to right in the Detail Panel after sorting them according
to structural features, which is consistent with the sorting strategy of
pixel lines in the Flow Panel.

4.3 Analyzing with MLM
The Analysis Panel (Figure 5(c)) illustrates analytical results calculated
by MLM, i.e., predicted probabilities and marginal effects (T5). It
coordinates closely with two other panels. After a user selects the
Sankey nodes of interest and presses “Regression” in the Flow Panel,
six prediction diagrams for six personal traits of male founders (e.g.,
age at first birth and number of sons) are displayed in the Analysis
Panel. To save space, marginal effect diagrams are not displayed by
default. A user can choose to show, or hide, marginal effect diagrams
by clicking a button in this panel. The color of each line in prediction
diagrams and marginal effect diagrams is the same as the highlighting
color of the Sankey diagram in the Flow Panel, as well as the border
color of rectangle groups in the Detail Panel.

The prediction diagram (Figure 10(a)) presents the relationship
between a selected predictor (x-axis) and the predicted probabilities of
the different categories (y-axis) [47]. The marginal effect is defined as
the slope of the prediction function at a given value of the independent
variable. Therefore, marginal effect diagrams (Figure 10(b)) inform
us about the change in predicted probabilities due to a change in a
particular independent variable [47].

These diagrams help the experts reveal deeper and quantitative
insights. For example, Figure 10(a) shows the relationship between a
predictor, i.e., the number of sons, and four categories of trees that are
encoded in different colors. During an interview of the second phase,
our experts found that when a founder has four sons, the probability
that the family tree stops at the second generation is about 17.2%, while
the probability of stopping at the third generation is about 38.2%.

Independent variables can be either continuous or discrete when
running MLM. For example, age is a continuous variable, including
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Figure 10. Outcome of analyzing with MLM, i.e., (a) prediction diagram
that is the same as the fifth diagram in Figure 5(c), and (b) the
corresponding marginal effect diagram.

age at first marriage, age at first birth, and age when last observed
alive, among others. But the indicator of whether the male founder
held a salaried official position is a discrete variable. As a convention,
we employ line charts to present continuous variables, and use scatter
plots for discrete variables in both diagrams. The confidence interval is
important interpreting and understanding results in prediction diagrams,
and is displayed by area charts for continuous variable and error bars
for discrete variable.

5 CASE STUDY

To study the effectiveness of TreeEvo, we conduct several interview
sessions with the experts whom we work with through the design
process. Each interview lasted for one hour. We first demonstrated the
system for 15 minutes by introducing the design and interaction. We
provided a use case sample to our experts to allow them to learn by
example. The following 45 minutes were used for free exploration of
the CMGPD-LN dataset. Experts were encouraged to think aloud, and
speak out about whatever they were thinking and doing during their
exploration. We took notes about their feedback at the same time.

In this section, we describe how the experts used TreeEvo to explore
and gain insights into the dataset, concluding several cases found by
our experts and formulating them into a case study. We denote the
internal expert as E0, and the five external experts as E1-5.

5.1 Insights Discovery
5.1.1 Getting the Gist
After loading the data into TreeEvo, E1 first set the scale to “Absolute”,
and sorted family trees by “Inclination” in the Flow Panel (Figure 11(a)).
He immediately observed that the white area in each Sankey node,
which refers to the frequency of balanced family trees, decreases each
generation. Thus, he wondered whether the proportion of balanced trees
also decreases across generations (T2). To answer this question, he
clicked “Percentage”, to standardize the width of Sankey nodes of each
generation, as illustrated in Figure 11(b). He observed that the white
area decreases when the number of generation increases. This implies
that, in order to make the family last many generations, it is probably
hard to keep the entire tree structure — or, more specifically, each
generation — developed in balance without strategies of differential
investment. In each generation, individuals may have different survival
and reproduction chances so that not all have an equal number of
offspring in the next generation.

To further understand how inclination affects the growth of family
trees (T1), E1 partitioned each Sankey node into three groups, i.e.,
inclination to the left, middle, and right, as shown in Figure 1(a). Then,
he observed that family trees with inclination to the left and right are
more likely to keep the inclination starting with the third generation,
as indicated by the gray flow connecting two generations (Figure 1(a)).
This tendency suggests that unequal growth in the earlier generations
may in fact shape the structure of the family tree and therefore have
multi-generational implications for later generations. Further, there
are more family trees with inclination to the left than to the right. E1
commented, “These findings provide empirical evidence in line with
first-/early-born favoritism, consistent with Confucian familial values.”
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Figure 11. The Flow Panel shows the inclination patterns of all family
trees in (a) “absolute” and (b) “percentage” scales, respectively. We
can see that white area in both scales decreases when the number of
generation increases.

5.1.2 Examining Details
To get an intuitive understanding of how family trees look like in
each Sankey node (T3), E1 clicked the Sankey node filled with blue
gradient color on the second row (Figure 1(a)), where all family trees
have inclination to the left. Then, detailed structures of these trees
are illustrated in the Detail Panel (Figure 1(b)). To check an extreme
case of inclination to the left, he selected the top-left pixel in this panel
which has the darkest background color. Then, the rectangle expands to
show more details of the tree structure. Similarly, the expert explored
the family trees with an extreme inclination to the right. “I like the
smooth animation and interactiveness, which make the exploration
easier and more effective.”, E2 added, “Structure is an abstract term
for me, but the system provides a straightforward way of understanding
the structure of family trees. It is awesome to see various left- and
right-inclined trees with different inclination values.”

5.1.3 Referring to Continuity and Growth
The key problem E0 wanted to know was “how and to what extent
is the structure of the family tree associated with the personal traits
of its root” (T5). The expert started by examining the association
referring to continuity and growth of family trees. He clicked “Reset
All” to clear all partitions set for previous tasks, and split the first three
Sankey nodes according to their continuity by generation. After that,
he selected four tree sets (Figure 5(a)). Specifically, he selected trees
stopping at the second generation (orange border), stopping at the third
generation (green border), stopping at the fourth generation (purple
border) and growing over four generations (brown border) Then, he
pressed “Regression” for MLM estimations of the association between
ancestral life history traits and the probability of tree growth outcomes,
i.e. the four selected groups.

The results are illustrated in the Analysis Panel. As shown in
Figure 5(c), the second diagram shows the influence of the age at
first birth (AFB). The orange line represents the probability of family
trees stopping at the second generation, which is positively associated
with AFB. Lines of other outcomes, on the other hand, have an opposite
trend, especially when AFB is greater than 30. The expert explained
that, if a male had his first son too late, he may have less chance for
many sons and less time to raise sons. He further commented, “Given
high mortality rates in historical populations, his family tree is more
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Figure 12. Two predicted probability charts show the influence of two
personal traits, i.e., (a) the number of sons and (b) position status, have
on the inclination of family trees.

likely to end up with two generations — if his son dies — than continue
to last for more generations.” The fourth diagram shows the estimated
effect of life span of the founder, measured by the age at the last alive
observation, the orange line decreased when the last age increased.

“If a male person can live longer, he of course has more chances to
reproduce and to take care of the sons. But it seems that such factor
extends beyond even two generations (green, purple, and brown lines).”
The expert added, “Such results exceed my expectations, and I need to
conduct further research to understand why that is.”

According to the fifth diagram in Figure 5(c) (or Figure 10(a) for
clearer illustration) for the effect of number of sons, all green, purple,
and brown lines show an increasing trend while the orange line shows
a decreasing trend, indicating that as the number of sons grew, the
chances of family trees extending beyond two generations increased.

“It indicates that when a male had more than three sons, the probability
of his family tree lasting for three or more generations is at least 80%.
It is interesting to observe that this is not just driven by three generation
family trees. The probability of having a family tree of four or more
generations is also non-trivial”, commented by E0.

5.1.4 Referring to Inclination
Next, with an interest in the influence of birth order preference, E3
decided to investigate the association between life history traits of
the founder and the inclination of family trees. To look for long-
term influence across multiple generations, he cleared all partitions
previously done by E0, and selected the Sankey node at the six level,
which contains all family trees with at least seven generations. He
sorted Sankey nodes based on inclination and partitioned each Sankey
node into three sets, i.e., a set containing all trees with inclination to
the left — those early borns (orange border), a set with all balanced
trees (green border) and a set containing all trees with inclination to the
right — those later borns (purple border) (T4).

From a diagram in the Analysis Panel with the title “Number of
Sons” (Figure 12(a)), he observed that the predicted probability of
balanced trees (green line) was statistically significantly lower than
unbalanced trees (orange and purple lines). He inferred that it was
hard to keep the tree balanced when it had many (seven in this case)
generations. In addition, he observed that when the founder had more
than four sons, the orange curve, including the confidence interval
area, overlapped with the purple curve and its confidence interval. E3
commented, “when the initial family is big and probably rich, they
may have different strategies and/or easily diversify growth in later
generations. A big family is often an indication of rich conditions in the
historical context.” Further, E3 added, “On the contrary, the long-term
influence of the birth order preference is stronger when the family is
small at the beginning (the founder has no more than four sons)”.

Then, the diagram titled “Position”, as illustrated in Figure 12(b),
caught his attention. It showed how a founder's high or low social status,
measured by whether the founder held a salaried official position, had
an influence on the inclination. One (value of x-axis) means position
holding and zero means no holding. The predicted probability of left
inclination, indicated by the orange point, is about 58% and greater
than others (purple and green points). This difference is especially
evident among family trees with the founder of no position holding.
Among family trees of a high-status founder, the difference between
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left and right inclination is however not statistically significant since
their confidence intervals overlap with each other. E3 noted, “This
finding confirms the previous explanation, that is, poor (without official
position) families have high probabilities of favoring first-/early-born,
while rich (with official position) families care less about it or have
more diversity. Maybe poor families tend to concentrate their limited
resources to their first-/early-born to ensure the continuity. But rich
families could provide enough resources to all sons to maximize the
overall chances of lineage continuity.”

5.2 Qualitative Feedback
All experts appreciated the insights found with TreeEvo. E1 mentioned
that all these insights are new and have not been discovered before.
He pointed out that current system inspired them to pursue two new
research directions in multi-generational analysis. First, in addition
to tree roots, one could include personal traits of family members
into analysis process. Second, tree structure could be considered an
independent variable in the MLM. For example, given trees of the first
three generations, experts want to know how the structure of ancestral
lines have influenced the following tree structure. More encouragingly,
E1 particularly valued the visual analytics component and would like to
cooperate on a project that he is actively working on. He commented,

“visualization helps us generate hypothesis, and provides an intuitive
way of understanding analytical results as well as the dataset.”

Since E0 had tried both a statistics approach (Section 3.4) and a
visual analytics approach for association analysis, he compared both
approaches and noted, “I prefer TreeEvo to STATA [1] or R [4] in the
analysis. Since structure is an abstract concept, it is hard to understand
the statistics results without visually spotting the tree structure. TreeEvo
provides a visual way of interpreting the analysis results.” He further
added, “Although we can draw the same (node-link) family tree using
R, we will not do it because it is time-consuming and we do not know
how effectively it can help the analysis. TreeEvo is really a convenient
tool since it not only shows family trees intuitively, but also embeds
analytical modules to show association results.”

During the interview, experts also commented on the usability issues
of TreeEvo. For example, E4 was curious about the result of merging
two Sankey nodes on different rows. She tried but nothing happened
because this operation is not allowed. “I hoped to see a dialog saying
that the operation is invalid,” she commented. She also pointed out that
TreeEvo did not show the number of family trees in each generation.
We plan to improve these usability issues in the future.

6 DISCUSSION

In this section, we discuss the limitations of TreeEvo and how the
visualization design can be applied in other application domains.

6.1 Limitations
Although the case study has demonstrated the effectiveness of TreeEvo
in multigenerational analysis of family trees, it still has limitations.

First, the design and visual encoding of the extended Sankey
diagram has a steep learning curve. The experts found it time- and
attention-consuming to comprehend the visualization at first. However,
after getting used to the diagram, our experts spoke highly of the
design, and they could partition and select various groups of family
trees intuitively and naturally. In future research, we plan to investigate
intuitive presentations to 1) lower the learning curve and 2) keep the
flexibility and expressiveness as Sankey diagram provides.

Second, although TreeEvo can handle a large number of trees, it may
not scale well when the depth of trees increases, even when there is only
one family tree with a large number of generations. This may result in a
large Sankey diagram with too many levels. Allowing for interactively
merging and splitting of multiple generations in the Sankey might solve
the problem.

Third, although the design of pixel lines is suitable for presenting
single structural feature of family trees, e.g., inclination or population,
it is not able to depict multiple structural features at the same time.
For example, our experts may want to group family trees based on
both inclination and population as well as other features. Employing

dimension reduction techniques, such as MDS [26] and t-SNE [30],
may resolve this issue by projecting multi-dimensional features onto
1D and visualized by pixel lines. However, loss of information occurs
during the dimension reduction.

Fourth, we selectively choose personal traits of male founders to
drive our study. However, personal traits of other ancestors, e.g., all
individuals in the first two generations, even though they are not the
focus of this study, are worth investigating as well. Rich interactions
are needed for enabling such investigation. For example, the system
could allow users to select personal traits of ancestors from the family
tree structure.

6.2 Generalizability of the Design
TreeEvo extends Sankey diagram to organize a tree collection and
provide an overview of tree statistics. In addition, trees with complex
structures are simplified by pixel lines to reveal structure-level details
in each Sankey node. This idea can be widely applied to other datasets
(e.g., the history of organismal lineages as they change through time)
with large quantity of trees. To be specific, we can employ aggregation
methods, e.g., Sankey diagram, to reduces the visual complexity of
initially overwhelming phylogenetic trees. At the same time, the pixel-
based techniques are introduced to provide fine-grained details about
the evolution.

It also worth noting that although TreeEvo is designed for tackling
multi-generational analysis in social science, the entire system can be
applied for evolutionary studies to examine the transmission of genetic
and behavioral traits across generations, as well as for comparison
analysis in a large tree collection. For example, a user can select
two subsets of trees with different criteria and browse their structural
changes across levels to identify differences.

7 CONCLUSION AND FUTURE WORK

We have presented a design study exploring the association between life
history traits, socio-economic status of male founders and the structures
of family trees in the following generations. The results of our study
are twofold. First, we characterize tasks in the domain of demography.
We help experts identify an unknown structural feature, i.e., inclination,
that indicates different reproductive strategies regarding differential
parental and kin investments in offspring. Second, we design and
develop TreeEvo, a visual analytics system for hypotheses generation
and verification about the association. TreeEvo is featured with an
enhanced Sankey diagram, which organizes thousands of family trees
by growth and continuity, and provides detailed information of each
family tree on the Sankey node. Also, it breaks the limit of traditional
Sankey diagram, and allows a flexible partition for custom-defined
Sankey nodes. We validate our design through one in-depth case study
that reveals multi-generational implications of reproductive strategies,
which has never been studied before in relevant domains.

There are a number of promising future directions. First, to obtain a
deeper understanding of the associations between ancestral traits and
tree structures, we plan to a) include personal traits of family members
(in addition to tree roots), in Multinomial Logit Models, and b) combine
the analysis of actual timeline of family trees and environmental factors.
Second, we want to pursue comparisons across multiple datasets. For
example, it would be very beneficial to compare how individual traits of
ancestors have influence across generations in different countries, such
as China, Japan, and the United States. Finally, we wish to evaluate
TreeEvo with more experts from demography or related domains to
further improve our system.
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