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We propose two novel temporally stable screen-space labeling methods for dynamic
scenes. The first one is suitable for offline processing of the entire interaction or the
video in advance. The second method is designed for interactive applications. The
main idea of our proposed methods is to minimize the vertical and horizontal move-
ment of the labels during the interaction with the scene (e.g., zooming or translating the
camera). According to the results of quantitative evaluation, our labeling is more stable
during the interaction than labeling produced by the current state of the art. Moreover,
participants of a comprehensive user study declared that the labeling produced by the
proposed methods allows them to follow moving labels significantly more accurately,
and it is significantly more pleasing than with previously published methods. Further-
more, the proposed methods can be extended by the prominence of the features and

easily parameterized to fit different requirements to the label layout.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Short textual annotations (so-called labels), more or less dis-
tant from the features of interest, are used to communicate the
position of features within an object together with additional
information (e.g., the name of the feature). The right visual
correspondence of the label with the annotated feature is cru-
cial for functional and aesthetic label placement. All the labels
of a single visualization form a labeling or labeling layout. In
high-quality label layout, the labels should be unambiguous and
well-readable, labels should not overlap with each other, one
should be able to conclusively assign each annotated feature to
a corresponding label and vice versa. The labeling should also
be aesthetic, even though aesthetic aspects are often subjective.

Labeling has several variants according to the type of the fea-
ture (point, area, line) and positioning of corresponding labels
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in the label layout. Labels can be placed within the space of
visualization tightly next to the features, so-called internal la-
beling. If the feature density is too high or if the background
must not be cluttered, the labels can be placed outside the visu-
alization, so-called external labeling. In order to visualize the
mapping of labels with corresponding features, each label is
connected with its feature using a line, also known as leader.
The term external labeling is accepted in current literat-
ure as an umbrella that covers several labeling techniques,
such as excentric or focus-region labeling [1l], contour la-
beling [2], boundary labeling [3]] and its variant for panorama
images [4} I5]. A comprehensive state-of-the-art survey by the
founder of boundary labeling Bekos et al. [6] provides a first
unified taxonomy for categorizing external labeling techniques.
A survey by Oeltze-Jafra and Preim [[7] provides an additional
overview of labeling techniques in the medical domain.

Interactive applications of labeling algorithms introduce a
new aspect of temporal coherence. Applying only static al-
gorithms on a frame-by-frame basis leads to temporally un-
stable behavior. In such a case, labels often jump abruptly from
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2. Related Work

In this section, we divide the boundary labeling methods into
two groups based on the exibility of the labels. We also discuss
methods that provide the temporally coherent movement of the
labels.

Fixed model. The input is a set of anchors and a set of labels
placed on top of the scene. The task is to connect each label
with the corresponding anchor with a leader. Be&bal. [3] in-
troduced a method for boundary labeling where a set of anchor
points is connected with a set of prede ned labels positioned
in one or up to three rows with rectilinear leaders. The method
nds the leaders whose combined length is minimal. Benk&ert

al. [9] later showed that better label layouts could be produced
if we consider criteria such as the number of bends of the lead-
ers and distance between the leaders, in addition to the length

Figure 1. Labeling created by our method on a photo aligned with a terrain
model using camera pose estimation techniques of Babowd al. [8].

one position to another, breaking several assumptions of higt?—]c the leaders.

quality labeling. Flexible model. The input is a set of anchors placed on top of

In this paper, we speci cally focus on the one-sided boundarthe scene and a set of labels without positions. The task is

labeling of dynamic scenes, where labels are placed on the (qB jetermine the positions of the labels and create a connec-
of the scene (the static case was introduced by Geatahk[4] tion with the corresponding anchor. Maass anllier [10]

aspanoramalabeling). The features in the scene are approXyresented two methods that produce boundary label layouts.

imated by points denoted aschors The visual relationship | ghe|s are processed according to the camera-feature distance
t_)etween labels and corresponding fe_atures is established b_yv%rﬁd centered on the vertical leader. Gerasal. [4] presen-
tical leaders that connect the label with the anchors, se¢[Fig. o4 4 dynamic programming approach that, for a set of anchor
We propose two labeling methods suitable for a diverse ranggoints, places the labels on the lowest possible number of rows
of applications. The rstis designated for the me processing using dynamic programming. Each label is connected with a
of the entire interaction in advance. Such a method can beorresponding anchor point with a vertical leader, and no leader
valuable for creatingz.g., educational visualizations, television intersects with any label.
news infographics, or generally in the movie industry, where the
complete interaction with the sceniee(, all the frames of the Temporal coherenceThe methods addressing the temporally
video-sequence) is known in advance. Imagine video-footageoherent movement of labels strive to determine a label layout,
from a drone ying through mountain terrain or a city, where where the labels do not change the position abruptly and in a
one would like to label peaks or tourist attractions, respectivelypredictable manner.
The second method is designed for the online processing of Ali et al. [2] proposed an anchor point stabilization based on
continuously delivered frames created on-demand as a res@h additional attractive force that aims to keep anchor points
of interacting with a dynamic scene. Such a method can be agiose to their previous position€molk and Bittner [11], and
pliedin,e.g., games, 3D map viewers, and augmented or virtualater Balataet al. [12] proposed a similar technique based on
reality applications. Imagine an interactive application presentadditional coherence terms for features and label positions.
ing a 3D map (digital elevation model), where one would like to  Preim et al.[[1IB] proposed a method for temporally coher-
know nearby points of interest and could move along the scengnt boundary labeling, but they allow the leaders to intersect,
by interacting with the camera.g., pan or rotate). For an over- which makes determining the correspondence between anchors
view of the proposed methods, see IFig. 3. and labels hard, especially for layouts with many anchors and
This work signi cantly expands on our previous paper [5] labels.
initially presented aiComputer Graphics International 2019  Muhler and Preini[14] proposed a method for the labeling of
and presents the following contributions: (1) A temporally 2D slices and 3D reconstructions of segmented medical struc-
stable labeling method designed for theine processing of the tures for surgical planning. They propose to lock the once-
entire interaction with the scene in advance. (2) A novel tem<alculated position of a label over multiple slices until the la-
porally stable labeling method designed for interactive visualizbeling is infeasible €.g., overlap of several labels). A similar
ations. (3) An extended labeling terminology of Belebgl. [6] approach was published by Moga#eal. [15], who presented
suitable for interactive and non-interactive labeling of dynamica more constrained label placement technique for the labeling
scenes. (4) A formulation of visibility optimization based on of 2D slice data.
feature prominence, and an extension for smooth label trans- Gotzelmannet al. [16] presented an approach focusing on
itions. (5) A comparison of the proposed methods with threghe labeling of animated 3D objects such as combustion en-
others, and the results of an extensive user study on several agnes with moving pistons. The entire animation is analyzed
pects of labeling. to determine the calm and uctuating regions. Afterward, the
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labels are placed in calm regions such that they move as little
as possible during the animation. The label placement of uc-
tuating parts is resolved by the visualization of the trajectory
whose midpoint is connected to the corresponding label. Unfor-
tunately, the approach considers the exact position and shape of
illustrated objects and does not rely on any shape simpli cation
with bounding objects.
Stein and [2coret [17] presented a greedy approach for thqiigure 2. lllustration of terminology based on the report of Bekoset al. [6].
dynamic labeling of interactive scenes. To address the problem
of temporal discontinuity, they incorporated the interpolation of
the label position. Therefore, the velocity of the moving label isanchors) in framé with a superscript such ds™ (labels) and
bounded, and it may take several frames to reach the computedset of all instance that occur at least once in any frame of se-
position. However, this approach does not solve the problerguenceS such as. S. Each anchor is connected to its labély
instead, the movement of the labels is smoothed to avoid visualeader at an attachment point callgart on the boundary
discontinuity. of *. The distance betweer and is calledo set’,, (i.e,, ho-
Tanzgerret al. [18] proposed an 3D object space labeling ap-rizontal coordinatéx = ax o). A calloutis the collection
proach (so-callethedgehodabeling). In contrast to most pre- = (; ;) of aleader connected to a labélat the point .
viously published approaches, they de ne labels as elements & setC of callouts is calledabelingor label layout A labeling
the 3D scene, which overcome the lack of temporal coherencef frameF and sequencs is denoted a€™ andCS, respect-
Therefore, the leader is part of the line de ned by the center ofvely. We call a labelingC of a sequencé& validif it satis es
the sphere enclosing the illustrated object and the feature of tiibe following requirements.
corresponding label in 3D space. They suggest two methods to
prevent label occlusions: center-based where labels move alofi®fl) The labels do not overlap with each other [2, 10, 14, 19,
a 3D pole sticking out from the annotated object, and plane-base  20].
where the labels are placed within a corresponding plane using
a force-based approach proposed byetlal. [2]. (R2) The labels are connected with the corresponding anchors
Maass and DBliner [10] proposed a similar hysteresis ap- with vertical leaders [4, 10, 14, 19].
proach to make the movement of labels temporally stable. Dur-
ing the interaction, the labels keep their current positions, and’helabeling qualityamong a se$ of all valid labelings can be
once the user pauses or nishes the interaction, the label layoutescribed by a cost functian: S ! R*. Theoptimal labeling
is recalculated, and the labels perform a continuous movemef® 2 S satis es the condition of optimalitg(C°) < ¢(C)8C 2 S
to the computed position. and respects all the following criteria C.
Unfortunately, none of the approaches are suitable for the
temporally stable one-sided boundary labeling, where a sm#&{1) The number of stacked layers of labels in the label layout is
movement of a label can decrease the available space for an- minimized [2]. To putit di erently, the labels are placed as
other label, which in turn can lead to an abrupt change in the close as possible to the corresponding anchor [10, 14, 19].

position of the label. Consequently, the change in position can
again limit available space for another label. (C2) The leader is connected to the label as close to the center

of the label as possible to provide clear mapping [10], and

to achieve aesthetic and symmetric layout [4, 19].
3. The De nition of Dynamic Labeling

(C3) The movement of the labels through the interaction is tem-
In this section, we describe the formal de nition of boundary porally coherent [2, 14]. In other words, the vertical and

labeling for dynamic scenes. We extended the terminology and  horizontal movement of the labels should be continuous
de nitions proposed by Bekost al. [6], that are suitable for without abrupt changes [20], and minimized through the
staticlabeling, to capture speci ¢ aspectsafnamiclabeling. interaction with the scene [19].

A frame is a tupleF = (D;A ;L) described by alrawing re- (C4) [Optional] The vertical positions of labels should corres-

gion D partitioned into themage region landlabeling region pond to the distances of labeled anchors in a scene from
L = D nl; see Fig. 2. The drawing regidd has the same di- the camera center. The labels of the closest anchor should
mensions D,; Dy) for the entire sequenc®. A set ofanchors be the lowest in the label layout [10].

A denotes the points of interest to be labeled. Each arechsor

a point of the image regiohwith coordinatesdy; ay). Further-  Please note, that high-quality human-friendly labeling, in gen-
more, each anchor has additional information attackgd the  eral, is hard to formalize as it is relative to various subjective
name of the anchor). The axis-aligned bounding box of addiand domain aspects. Therefore, high-quality boundary labeling
tional information is denoted dabel * of dimensions {y; ). is often a compromise among the described criteria. Because of
Each label is a rectangular sub-regiorLgflaced at coordinates the previous statement, we provide a quantitative evaluation in
(x:"y); see Fig. 2. We denote a set of all instanaeg.(labels,  Sec. 9 and an extensive user study in Sec. 10-11.
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Figure 3. High-level overview of processing stages applied in the proposed methods. Théflide Temporalmethod consists of thepreprocessingstage
followed by the Label Interval to Row Assignmerdand Within Row Label Placemenstage. The GnlineTemporalis designed as a single-stage method.

4. O ine Labeling Method “as w = max( max min; w)- We denote the set of label
intervals derived from the sequenSdy S.
When the entire interaction with the scene is known in ad- Fyrthermore, we calculate an average camera-to-anchor dis-
vance, we process the sequeicas a whole. We place labels tance 4 for each anchoa 2 AS to be able to satisfy criterion

into discrete rows such that the vertical positi_c;ﬂsse}pproxim— C4. Because the label intervalis associated with the anchor
ated byrow r 2 R, whereR=frjr2N * r jA “jgisaset jnterval , the camera-to-anchor distance= .
of available rows. Furthermore, we suppose the wigtiand

the height'y is xed for all F 2 S. The proposed temporally
coherent method denoted agflde Temporalconsists of the
following three stages (for a high-level overview, see Fig. 3).

Label Interval to Row Assignmentn this stage, we determine
the vertical position, = r and the left bound y, of the label
interval . The right bound of the label intervalcan then be

Preprocessing.Given a set of anchor S, we create aran- ~ 9€MV€d @S max = min + w. Since the label moves inside the
chor interval = [ min; max for each anchom 2 AS. The reserved space given by its label intervalthe label intervals

anchor interval captures the horizontal movement of anchorMust not overlap with each other (requirement R1). Similarly,
a through all the frame& 2 S. The minimum x-coordinate for the same reason, the anchor intervatust be a sub-interval
min = MiN(a,) and the maximum max = Max(a) of an anchor of label interval ; otherwise, the requirement R2 could be viol-
de ne the bounds of the corresponding anchor intervésee ated (label could no.t be conngcted.with its ancha).r Further-
Fig. 4). We denote the set of anchor intervals derived from th&h0re, as we determine the ravin which the label will be xed
sequence by AS. throughout the sequence S, we also take the criteria C1 and C4
Given a setl S of labels, we then de ne dabel interval ~ INt0 accountin this stage. .
= [ min; mad fOr each label 2 LS. We construct the label ~ Pleéase note that this stage is solved only once for the given
interval  to reserve space for the horizontal movement of thes€duence. For an example of a label-to-row assignment, see
label. This way, we can xate the vertical movement of a labelF19- 4-
and allow movement only in the horizontal direction. There-
fore, one label cannot in uence the movement of any other laWithin Row Label Placementn this stage, we derive the ho-
bel, which ful lls criterion C3. We derive the width of a label rizontal position x of label”™ xed within row r by optimizing
interval from the associated anchor intenabnd the label the o set’, from the port for each frame= 2 S. Therefore,
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we take into account the criterion C2. However, in order to bet-
ter ful ll criterion C2 at the bounds of , we enable the label
to pop out of its associated label interval Consequently, we
consider also requirements R1 and R2.

4.1. Label Interval to Row Assignment

We formulate the problem as mixed-integer linear program-
ming (MILP), which combines combinatorial optimization over
binary variables with linear optimization over continuous vari-
ables [21].

The instance of MILP is formulated as the minimization of
the cost functiore; with respect to decision variablé 2 f0; 1g
that indicates whether the label intervais placed in rowr,
and with respect to continuous variablgn, considered further
in the de nition of constgging?. The cost function is de ned as

e ° = 1P +17 (5 f): €

2 ST2R Figure 4. Example of sequence preprocessing in the ffline Temporal

The hat modi er in the above-given variable.d., f) denotes method. The movement of the anchor in the x-axis starts at the position
the unity-based normalized value of that variable. The pl’Odudi!e”Oted by a red circle in frameFg and ends at the position denoted by a

. L . red triangle in frame Fjsj. The label interval (a green rectangle with a
in the rst term of ¢, supports the criterion C1. The function black stroke) reserves the space for the horizontal movement of its label.

(d;f) in the second term af; is de ned as The length of the label interval is derived from the label width "y, (blue
~ a o a ~ a rectangle) and the length of anchor interval (red line). The left bound
a. i = rowid + wWol +tWa T ) of label interval iy and its vertical position (row r) is optimized in Label

T 2

a W Interval to Row Assignmenstage.
and supports the criterion C4. The purpose of tlienction is
to establish a relation between normalized distath@nd the
row r of the label interval . By observing the in uence of
various values of the weights;, w, andws on the resulting
layouts, we recommend using the weigis= 0:1, w, = 08,
andws = 0:5, see Fig. 5. Please note that we have selected
these values with the criterion C4 in mind.

To ful Il the requirements R1 and R2, we de ne the follow-
ing constraints. First, we de ne the constraint to satisfy require-
ment R1 as

O+ Q ODim 1 0y +mM 1 17 ; @)

where we de ne the order so that the associated anchor interval

f]?m Er’])m A O Dand ®; () 2 AS. This constraint
Only_ needs to be appli_ed ?n _the_ case that bOt_h label int?rvals Figure 5. Function with parametersw; = 0:1, wp = 0:8 and wz = 0:5.
are in the same rowwhich is indicated by the binary decision
variablesl"; andl’,. The use of a binary variable to activate
and deactivate the constraint is a known trick in MILP [22, 4].4.2. Within Row Label Placement
The constaniM needs to be suciently large to deactivate the
constrainti.e., the constraint is always true for any combination ~We formulate the problem as convex quadratic programming
of @ and O that are not in the same row). We $étequal to  (QP). When each label interval is assigned to a row and its left
the width of drawing regiom,,. bound i, is set, it remains to determine the vertical position

From the de nition of the label interval and from the re- ©of each label for a given framié so that the criterion C2 is re-
quirement R2 it follows that the interval must completely over- ected. The instance of QP is formulated as the minimization
lap its associated anchor interval Therefore, we introduce of the cost functiorz, with respect to the continuous eet vari-

constraints to enforce thatis the subinterval of as able . The cost function for the given franfeis de ned as
min min; (4a) X NP
mint w max- (4b) C2 (F) = ‘0 EW : (6)
Finally, the label interval is allowed to occupy only a single ar
row r. Therefore, we de Qe this restriction as The functionc, enforces criterion C2 only. To enforce require-
1" = 1: ) ment R1, we de ne a constraint for each pair of labé¥bsand

R *() associated with anchom (") and a,(" ) in the given
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frameF as 5.1. Single Stage Position Assignment
, _ ) ) . We formulate the problem as mixed-integer quadratic pro-
a0 P+ a0 (7)  gramming (MIQP). The instance of MIQP is formulated as the
minimization of the cost functioms with respect to decision
where we suppose an order so thgt ©) < a, (D)~ ~® | ~0) variablel! 2 f0;1g that indicates whether a labelis placed
and ®;~() 2 LF. Furthermore, to satisfy requirement R2 we in row r, and with respect to continuous et variable’,.

de ne the constraints The cost function for any given franteis de ned as (for sim-
pli cation the superscript of a current frame is omitted)
o 0 (82) L X X L
N <. (8b) cs F o F = 17 Wrowf + Waist ( a ) (10a)
o w- “oLF r2R
X X L2
Finally, we want to restrict a label over ow with vertical + 1" Weow ' °F (10b)
bounds of drawing regiod,,. This is accomplished by a pair 2LF r2R |
of X 1 . "2
+Wo i fset — o o (10c)
< w
a() o O (%) el I,
N N N . 1 . N
a&() ot w Duw (9b) +Weenter = = (10d)
oL W 2

The variable 4 denotes the distance of ancta(") associated
with label” from the camera center. Further de nitions of the
delta function (&; f) and hat modi er from Sec. 4.1 hold. The
rst term (10a) re ects the de nition of a cost functioe, from
Sec. 4.1; therefore supports the criteria C1 and C4. The second
The previously described method (in Sec. 4) is not suitabléerm (10b) minimizes the vertical positional change of a label
when the entire interaction with the scene is not known in ad{criterion C3) in two consecutive framé&sandF . Similarly,
vance. Continuous delivery of frames makes it impossible téhe third term (10c) minimizes the horizontal positional change.
retrieve the anchor and label intervals. Furthermore, the perthe last term (10d) re ects the criterion C2. By observing
formance of the method is also an aspect of concern in interacthe in uence of various weights on the resulting layouts with
ive applications. the de ned criteria (in Sec. 3) in mind, we recommend using
Therefore, we propose an interactive methodli@Tem  the weights of the terms a8ow = 0:5Waist = 0:8;Wrow =
poral that removes described pitfalls and at the same time rel:0; Wor fset= 0:1 andweenter = 0:3. _
ects the requirements R1, R2 and satis es the criteria C1-C4. 10 fulll the requirement R1, we de ne the following con-
The OnlineTemporalmethod, in contrast to filine Tempora ~ Straint

5. Interactive Labeling Method

processes the entire intgraction fra_r_ne by frame and_ consists gI RO O O R U ANV I N L v . O L
only single stage wherein the position of the label is determ- o w © 0 ((£1’)
ined at once individually for each (see a high-level overview here we de ne the order so that( @) a (D)A 0O 0

in Fig. 3). We again place labels into discrete rows such tha\g

the vertical positiony is approximated by row 2 R, where .”d ' 2 L™ To re_strl_ct the ve_rtlcal p(zsltéoln . of any
R=frjr2N ~ r jA Fjg Furthermore, we suppose that the given label’ in frameF, which is placed in rowp = *[ " in the

. 1 : X
width ", and the heighty, are consistent for ead. preceding framé *, we introduce the constraint de ned as
IPLe Py Pz (12)

Slng_le Stage Position éSSIgnmerGJv_en a frame~ and its im- Furthermore, requirement R2 is de ned in a similar way as in
mediate predecessér -, we determine the temporally stable go; 4 1. Finally, a labél is allowed to occupy only a single
position (x; "y) for each label at once and without any know- rowr. Therefore, we de ne this restriction as

ledge of the following frames. Unlike theffne Temporal X
method, we can not xate the vertical movement of a label due I"=1 (13)
to its uncertain unfolding in the future. Therefore, we allow a r2R

label to change its vertical position; nevertheless, in the de n-

ition of the cost function, we minimize this behaviour in favor g Extensions

of criteria C3. Furthermore, we restrict the vertical change of

a label within two consecutive frames to be at most a single Both proposed methods can be easily extended by additional
row (i.e., row "F of label" in frameF is either'’" = *F ' or  terms and constraints to customize the resulting layout. In this
F="F ' 1). This technique also narrows down the optimiz- section, we describe an extension for visibility optimization
ation search space, which in turn speeds up the computation based on prominence and alpha-blending extension for smooth

subsequent frames. transitions of labels.
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6.1. Feature Prominence and Visibility Optimization where the @ is a reward for keeping the label invisible,

. . . ._is a compound prominence, amd is an invisibility function
Typically, some features of the visualized scene are more 'mf)iecewise-de ned as

portant than the other ones. Therefore, we de nE@ninence 3
' to express the importance of a labedorresponding with an 31 f 9O,
anchora(’). The prominence can be de ned by a compound NC;n) =3 (19)
of several (potentially weighted) attributes. For example, the ~0 else
prominence of a mountain peak may be de ned as a compound @D, _ _
of its elevation, isolation, topographical prominence, and diswheref.=" = is the index of frame in that the last change from
tance from the current viewpoint. To illustrate thbempound (W to a@® has occurred. The rest mimics the de nitionesf To
prominencein our application, we de ne it as the weighted- illustratee; in our application, we setg = 0:1,n = 10.
sum of peaks' elevatioh, distance from the current viewpoint
d, and Google score derived from a number of search results 6.2. Smooth Label Transition
To prevent labels from popping in and out abruptly, we im-
CEW WL )t w (14)  plement smooth alpha-blending. An extended labeling method
is then denoted by the s Alpha (e.g., OnlineTemporall -
All attributes are normalized into the range I0. The weights phad. Let F 2 [0;1] be thealpha valueof label” in frameF.
were experimentally chosen s = 1.0, wy = 0:2, andw; = \when a label is added to the scene, the alpha value is set to
0:8. F= ®, where @ is a constant that de nes the fade in speed.

In crowded visualizations(g., mountain terrain or city sky- In the following framesf: :: f@ ® 1 the Fis increased
line) with many features to be labeled, it is sometimes useful n%y afade infunction sucr’l as ’ )

to show all the possible labels to prevent cluttered and chaotic
label layout. More prominent features are more likely to be F_ . El., ®@.. .
labeled and visualized; on the other hand, less prominent fea- CEmnc o+
tures do not need to be labeled at all. )

Therefore, the de nition of constraint Const. (13) from Where ' alpha value of label in the previous framé& *. In
Sec. 5, and ditto Const. (5) from Sec. 4, can be rede ned agur application we use® = 0:1 (i.e., the label is fully visible

(20)

X in 10 frames). Similarly, when a labelis removed from the
[ (15)  scene, thef is decremented byfade outfunction such as
2R
such that the labélor the interval label , respectively, does not F=max0; F° © ; (21)

have to be placed in any row Furthermore, the cost function

cs from Sec. 5.1, and ditto, from Sec. 4.1, can be extended by \yhere the @ de nes the fade out speed. In our application we

t d d i . .
erme, de nedas N use @ = 0:2 (i.e, the label fully disappears in ve frames). For

aF)= g IF S +vEn) (16) simplicity, we use the linear fade/wmut fun(_:t_ion. ) _
Furthermore, to create a smooth transition of a lalzkiring
the fade-out blending in the proposedleTmeporalmethod,
where the ) is a reward for keeping the label visible, is a  the position of corresponding anche(") needs to be predicted
compound prominence, andis avisibility functionthat pre- because the disappearance of the anek6r) cannot be pre-
vents labels from rapid disappearing. The visibility function computed in advance. Therefore, we adpigar extrapolation

“2LF r2r

is piecewise-de ned as to calculate the! (") from the two consecutive framés 2 and
3 F lsuchas
N 31 f @@
V(in =3 (17) a()=a ‘()+2a () & (): (22)
-0 else
7. Results

where f is the index of the current framé,@! © is the index
of frame in which the last change from &mvisible state(n)

> We used GUROBI 9.0 with a €+ interface as an optimiza-
(8r 2 R: I' = 0) to avisible state®) (9r 2 R : I! = 1)

) tion solver for the @fline Temporalas well as @lineTemporal
has occurred, and is the number of frames for that the label o104 The solver applies several primal heuristics and a
should stay visible. To illustrate; in our application, we set branch-and-cut algorithm with derent types of cutting planes
® = 0:9,n=20. _ _ (e.g., Gomory, MIR, StrongCG) to solve the MILP and MIQP
Similarly, to prevent labels from rapid changing framto  ,roplem [23]. In case of the minimization of MIP problems, the
© we de ne the terme; as branch-and-cut algorithm (for more details seg,, Bixby et
X X al. [24]) keeps track of thepper boundandlower bound The
eF)= @ @ |r§ (I " )+N(;n); (18) upperboundJB (also calledncumbentis an objective value
SLF r9R of the best feasible solution found so far. On the other hand, the
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Fo is largely dependent on the search space, which is given by
the number of labels. Each labelcan be placed at any row
r 2 R The time needed to solve the initial frame is a period of
time when the interaction is not possible; thus, one has to wait
until the solution is found.

On the other hand, the search space for the followaégular

(i.e., the vertical change of any given label must be at most a
single row). Therefore, labélcan be placed at any row” "+c
where thec 2 f 1;0; 19

To limit the duration of the optimization for the initial frame,
we apply the time restriction

timit = €xp(0:05 jLj); (24)

which in turn can increase the relative optimality gap The
solution for the initial framd=q with 40 labels takes 7.4s with a
. L 0020 .
Figure 6. Time (left y-axis) and relative optimality gap (right y-axis) meas- _relatlve optlmallty gap oG 9'03 0. The solution of Sma”er
urements for the proposed methods considering the number of labels in the mstqnces (20 Igbels or Iess) is found in less than 145ms with a
scene. relative optimality gap oG 0 %.
To limit the duration of the optimization for the regular

lower bound_B is a minimum objective value of the LP-relaxed frames, we apply the time restriction

solutions {.e., integral constraints on variables are relaxed) in timie = log (1 + 0:005 jLj): (25)
the leaf nodes of the branching tree. The absolutemince m ' '

between upper and lower bound serves as a quality measure pfe solution for regular frames with 40 labels takes 18ms with
the solution to optimality. The optimization is terminated wheng relative optimality gap o6 = 7.7 10 8 %. The solution

the relativeoptimality gap Gde ned as of smaller instances (20 labels or less) is found in less than
5ms with a relative optimality gap ranging fron83 10 8 to
UB LB g o
G= —UB 100 (23) 9:87 10 °%. The reported time measurements and optimality

gaps are averaged over 100 runs. For more details see Fig. 6.
is less than thé&t % (the value ofGr = 0.01 % is, in fact,
the recommended termination criterion by the authors of GUR- . .
OBI), meaning that the solver found a near-optimal solution tha?‘ Comparison with State of the Art

can not be further than th@r % from the true-optima. We have implemented three previously published meth-
Note that, since the MILP, as well as MIQP, is NP-hard, onlyodS GowingBorder [10], Intenal Slot [10], and G:msain-
exponential-time algorithms are known, and the computationqkow [4] to compare them with the proposedfiie Temporal
time can grow signi cantly with an increasing number of binary 5,4 jineTemporalmethods. The label layouts produced with
variables (.e., with the number of labels) [25, 26]. The follow- o< methods are shown in Fig. 7(a)=7(f).
ing measur_ements were performed on Iht@bre i7-9700K @ The GowingBorder and hterval Slot methods [10] were
3.60GHz with 64GB of RAM. designed for the annotation of dynamic virtual landscapes.
. . They connect each label to its vertical leader at a port in the
7.1. O ine Labeling Method center of the bottom boundary of the label. Due to this con-
The solution of thdabel interval to row assignmerior the  sjstency, each label changes only its relative vertical position to
sequence with 40 labels takes 575ms and for smaller instancgg anchor. The relative horizontal positions of each label to its
(20 labels and IESS) itis found in less than 42ms (See Flg 6) Witanchor is a|WayS the Sam'ed, 0n|y the |ength of the leader
a relative optimality gap less tha@by = 0:01 %. The reported changes). This makes the movement of labels temporally co-
time measurements and optimality gaps are averaged over 1@@rent. The consistency can also facilitate nding the corres-
runs. ponding label to the given anchor (and vice versa). However,
The optimization in thevithin row label placemeris de ned  due to this fact, the methods may produce label layouts with
as convex QP; hence it can be solved in polynomial time [27]jonger leaders. Furthermore, they allow the leaders to intersect
Moreover, the label placement can be solved independently fakith labels of other anchors. Note that the latter two features
each row; therefore, the optimization is prompt and can run itan make nding the corresponding label to the given anchor

parallel. (and vice versa) harder.
_ _ The Gems#inRow method [4] was not intended for the an-
7.2. Online Labeling Method notation of dynamic scenes. Therefore, we apply the method

The computation of the proposechliheTemporalmethod to each frame independently. We do not expect the method to
can be split into two phases. The solution for thigial frame  achieve a temporally coherent movement of labels. The method
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(a) Proposed @lineTemporalmethod (b) Proposed @lineTemporalmethod with extensions
(c) Proposed @line Temporalmethod (d) Intenval Slot method
(e) GrowingBorder method (f) GemsMinRow method

Figure 7. Example of label layouts calculated for the mountain peaks in the test sequen&g approximated by point anchors.

produces label layouts where the leaders do not intersect withjuenceSg, it is only 21 anchors. The most noticeable changes
any label, but create clusters of long leaders due to this coreoncerning the anchors' x-position happen in the sequ&jce
straint, see Fig. 7(f). We have included the method into the com@with the maximum shift of 31.97 pixels) ar&% (with the max-
parison to examine whether the intersections of leaders with lamum shift of 8.98 pixels). Regarding the anchors' y-position,
bels in uence the users' ability to nd the corresponding label only the anchors in the sequenBg and S, move dramatic-

to the given anchor (or vice versa). ally. The length of an anchor interval re ects the distance that
the anchor travels from the point it appears to the point it dis-

quencesS;, S,, S; with a minimum length of 101 frames appears. Allow us to point out that this also de nes the space

The sequences are created by a series of horizontal and vdpat is allocated for the smooth and uninterrupted movement
tical movements that simulateg., the ight of a drone. Se- of its label. Therefore, as thenchor Interval Lengttsection
guenceS; consists of a long leftruck (a leftwards horizontal Wr;th”lhTatb' 1 shows, in the s'e?(:Je.nBQ and 83. EXIS:S ?r? ant-h
movement of a camera) with a close anchor in front followed®"o" tNa (@) moves very quickly I comparison to the other
by a shorpedestalown (a downwards vertical movement of a anchors, and_ (b) whose label interval allocates appro>_<|mately a
camera) where the anchors start to disappear rapidly. Sequenrt:l,%gc gf atm\:cvigg :cabel Iayglit.o/On_ a\t/ﬁ rage, an ancho(; IS present
S, is composed as a sequence of a left truck, followed ¢hyiky In 96 out 0 rames ( 0) in the sequerB and more

in (a forward movement of a camera) completed by a pedestd@\nchors disappear than appear throughout the sequence. The
up where the anchors start to appear rapidly. Sequegds other two sequences, and Sz follows almost the same pres-

created by a long right truck. Pan and tilt movements are not"'¢€ of ,69 % an_d 67 %, res_pecti\(ely._ The density maps of
included as they do not introduce a parallaveet; therefore, anchors x-coorfjmgtesa() depicted in Fig. 8 rgveals that (with
the labeling does not change a lot, and it remains almost thgespect to the bin size of 50 pi,, 1200 px) in sequenc,

same except for the newly appeared anchors on the edges of t171re IIS one cI;Jsrt]er of S|xhanchor3,73524cl?sters of ffour ancr;]ors,
drawing regionD. Nevertheless, pan and tilt movements are clusters of three anchors an clusters of two anchors.

included in the interactive experiment in Sec. 11.2. For more details about sequences, please see Tab. 1 and Fig. 8.

_ In addition, the tested sequences are available online as a part
To further describe the sequences, we measured several afthe supplementary material.

chor related parameters and characteristics for each sequence,
please see Tab. 1 and Fig. 8. The mean number of anchorsFor all compared methods, we evaluate if the label layouts
within sequenceés; andS; is 27 anchors, whereas, in the se- produced for the sequenc8s, S,, andS; are temporally co-

All compared methods were evaluated on threesdént se-
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