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ABSTRACT

This research employs ecological interface de-
sign to improve the human machine interface of
an existing ground control station for the super-
visory control of UAV swarms. As a case study,
a general ground surveillance mission with four
UAVs is envisioned. An analysis of the swarm-
ing work domain is performed to generate a re-
duced set of means-end relations. This analy-
sis leads to a novel design that shows predicted
coverage and range of the UAVs in the swarm.
An evaluation study with 10 participants showed
that the new interface successfully enables oper-
ators to control a swarm of four UAVs and mit-
igate problems during mission execution. The
results of the evaluation study showed that oper-
ators had a better system understanding and that
it promoted creative problem solving activities to
scenarios that could not be solved by fixed pro-
cedures.

1 INTRODUCTION

Most research is devoted to solve this technical isst
focusing on improving or increasing the degree of autc
tion [5]. This includes investigating different Levels ofu/
tomation (LOAS) [8, 9] or different forms of collaboratioe!
tween operators and the automation [10]. While these st
show good results, they mostly ignore the positive influs
good visualizations can have [11]. As Chen et al. [5] sho
with increasing automation, operators are put into a s
visory role, which can bring its own problems: Depenc
on workload, operators cdnse, misuse, disuse, and abu:
[12, p. 230] the automation. Also, imperfect automation
significantly reduce performance [13] and when the of
tor does not have a proper mental model, frequent aut
tion surprises can occur [14, 15]. When such a joint sy
faces unexpected circumstances, it is often only becat
the adaptability of the human operator that performanct
still be adequate [16].

To support that adaptability, this research focuses o
human machine interface of such a UAV swarm, by emg
ing Ecological Interface Design (EID) [17] to improve
existing Ground Control Station (GCS). EID is a constr
based approach to interface design that concentrates
vealing the work domain’s constraints [18]. Usually, Gt

. . display as much low-level information as possible, leavt
The use of Unmanned Aerial Vehicles (UA\./S) has.grownf[o the operator to connect it to the overall goal of the mis:
rapidly over the past years [1, 2]. Advances in the fields o Using EID, these connections of both the work domain’s
materials and computer technology provided the means to d%- : ' . .
; L o traints and system properties are explicitly connectetd
velop UAVs for a multitude of applications such as military y brop plctly

overall goal in the form of means-end relations. That

uses [1], search and rescue operations [3] and wild life mong .o hypothesized that the operator is supported during-

itoring and protection [4]. While the reasons to use a Sin-—iliar and unexpected events [19]. This approach has s

?JIXVUA{X a}[re man'fc}l(:.’ Itis oftetn advallzwtageous tlo uSeA\feve.;i{%romising results, not just in process control where itie
s that are operaling as a team. For example, S Wit ates butalsoin a military setting [20, 21], in car driviia2]

different capabilities - even unmanned ground vehiclesy ma_ . d aviation [23, 24]. The resulting interface is expects

be required. Some tasks must be executed at different Ioc%-ive operators a better understanding of the system ar

tions simultaneously and in general, swarms of UAVs can o aple them to creatively solve arising problems, withounly

serve a larger area in a shorter time [5]. Current systems anflited to prescribed solutions

legislation still require at least one operator if not marée . . . L

in control of a single UAV. This would make swarms of UAVs . In thls_re_search, EID is applied to a simplified search
highly labor intensive and considerably more expensivst Ju sion CO“S,'S““Q of f?,”r UAVfS and only a S‘ﬂbs‘?t of th? me
recently, the final demonstration of FireSwarm, a projeet fo _end re_Iatlons |denF|f|ed (_1ur|ng the anaIyS|s V\_”” be visped
cusing on UAVs that autonomously find fires was impaired'n thg interface. I.t is decided to add information about &
by this legal issue [6]. However, humans do not have suffi"&ining range - in the form of the current battery level -

cient mental resources to manually control multiple UAMs, s wgather conditions - in Fhe form OT a constant anq ynﬂ
support in the form of automation is required [7]. wind. On top of that, their propagation through the joint+
sion plan to the abstract function of coverage will be ad

This set of means-end relations combines both interna

*C.Borst@tudelft.nl
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external constraints so it covers a broad basis. In addition
the exact effect of these constraints on coverage is not eas-
ily recognizable by an operator. After creating the impibve
interface, a human-in-the-loop evaluation study is penfext |
to gather feedback and test how well operators can control

Abstract Function Coverage

Generalized

a UAV swarm when unexpected problem jeopardize mission Function Joint mision plan
success.

This paper is structured as follows: First, the results of a
Work Domain Analysis (WDA) are presented and an existing Ebvcaliucics Remaining range Weather conditions
GCS is analyzed. Second, the aforementioned set of means- — .
end-relations are mapped to the interface and third, thie eva : T
uation study is presented. Physical Form Battery level Wind speed/

2 WORK DOMAIN ANALYSIS

The WDA in this research is based upon and extends
Amelink’s [25] Abstraction Sophistication Analysis. Inish Figure 1: Reduced abstraction hierarchy
analysis, a separate WDA is performed for different levels of
control sophistication, ranging from low levels such adtiiig ] )
to high levels such as navigation. Each level is then require Generalized Function

for and enables the next higher level. The generalized functions describe how the abstract fom

According to Amelink, the joint operation of multiple f coverage is achieved, independent of the implement
UAVs is the highest level of sophistication but he did notper of the system.

form the actual WDA for it. The WDA in this research starts The means through which collaboration is achieved i

with the joint operation, specifically a generic surveiian joint mission plan. This central concept of a joint miss
mission with four UAVs. However, instead of focusing on plan is the definition of which UAV has to perform whi
one level of control sophistication, multiple levels of baib-  nission at which location and at what time.

straction and control sophistication are combined. With th
more liberal approach, the elements of most interest are ca
tured.

All four UAVs are assumed to possess autonomous naviThe physical function level is governed by constraints @
gation capabilities and be able to perform individual nuasi  generalized function of the joint mission plan. On the
comprising of different mission elements. How exactly thes hand, it is shaped through weather conditions such as |
capabilities are achieved is of no concern for this analysis precipitation. On the other hand, the remaining range c
2.1 Abstraction Hierarchy UAVs constraints the joint mission plan. When the se
area is outside the range on a certain UAV, it can obvic
not be tasked with covering it.

IlIz’hysical Function

Performing the WDA produces the Abstraction Hierarchy
(AH) [26]. This hierarchy describes the system at different
levels of abstraction - ranging from the functional purpote
the entire system to the physical form of individual compo-Physical Form
nents [27]. Importantly, it also shows how different elertsen Though there are several means through which the rem:
relate to each other. That is, it shows the means-end refatio range and weather conditions can be achieved, only tw

or why, what, how interrelations. considered in the interface: The battery level - or State

The resulting reduced AH for this case study is shown inCharge (SOC) - as well as the wind speed and direction
Figure 1 and is described in the following sections. . o ]
2.2 Analyzing an Existing Ground Control Station

SmartUAV is a UAV research system developed at
Delft, that is used as a test bed for advanced control o
The highest level of abstraction considered for this casdyst gle or multiple UAVs. Development started in 2005 and
is the abstract function. Following the argumentation B][2 continued until now.
this level consists of principles that govern the coordomat A possible layout for the GCS when controlling multi
between all UAVs. UAVs, similar to other GCS interfaces like the open-so

Coverage refers to the sensing that is required for the misJAV project Paparazzi, is shown in Figure 2. Due to t
sion. A high coverage means that the UAVS' sensors are gathavailability to the researchers, only these two GCS intex
ering data from a large area in a short time, which could bere considered. The interface in Figure 2 includes four
achieved by flying at a high altitude. elements: First, a mission view with a 2D-map and contrc

Abstract Function
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flight control system indicator®). Third, low-level flight
controls and a primary flight displd®. Last, a fleet overview

much energy a certain flight plan will use, how much en
is left in the batteries at each waypoint and how that ii

with a small primary flight display for each UA@. ences the higher level of coverage. Following are the vi
The following analysis is based on this configuration forizations that have been created, sorted from high levetsi
multiple UAVs in a simulated environment. levels of abstraction.

3.1 Abstract function

To visualize the abstract function of coverage, a sh
area around the flight plans of all UAVs is used, as shov
Figure 3(a). By using different shades, it is possible tonas
A different states of coverage. Areas that will be coveret
ST PN LY shaded lightly and areas that have been covered are ¢
ﬁﬁj; ol / g dark. Those areas that cannot be covered leave a “ho
ol the shading, e.g., between waypoints 6 and 7 of UAV#
J—”LJ Ny ’ e Figure 3(a).

m, = e The size of the shaded area depends on the altitu
[T waypoints, i.e., a larger area is shaded at a higher alt
fuolpees When the expected SOC at a waypoint is zero and the

point can therefore not be reached, no shading is ap
This gives the operator a clear cue that something is ¢
and further fault diagnosis is required.

W insrume. = | &% [15T Wission Vew = |8

[31:37.0510_ iatituge:

UploadsFiy!

Continue
GotoWp.
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1705

anome Kill
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Vanow] || Avate | aiigate] Mssion| Planning|
3 Pt Overie

u 2

3.2 Generalized function

By showing the flight plan of all UAVs simultaneou:
Figure 2: SmartUAV GCS for multiple UAVs, split up into like in Figure 3(a), the joint mission plan is shown. This
the mission viewd), flight control system statu®, low level  dication is expended by applying a distinct coloring sch
flight control @ and fleet overvievd). to both the waypoints and the lines connecting them. L
this coloring, information about the expected SOC at €
Comparing the available information in the GCS interfacewaypoint is given. This is done using three different cc
of SmartUAV with the set of means-end relations summarizedccording to the following rules:
in Figure 1, reveals that a considerable amount of these re- e White: This waypoint can be reached and the UAV
lations is not fully represented or completely missing. The return to base afterwards
results are given below, ranging from high to low levels of e Yellow: This waypoint can be reached but the L
abstraction. cannot return to base once it arrives at this locatiol
The abstract function of coverage is only partially shown. e Red: There is not enough energy in the battery to r
While the past track of all UAVs is visible, future waypoints this waypoint
are only shown for the selected UAV. Even so, this leaves the The color of a line connecting two waypoints is ba
task of converting the flight path to a clear form of coverame t upon the remaining SOC at the next waypoint. As a re
the operator. The same set of information is also represgnti long stretches of a flight plan may be marked as unre
the joint mission plan. By only seeing the flight plan of one able, even though it is possible to reach part of them
UAV at a time, the operator presumably has a difficult job of Figure 3(a), this can be seen between waypoints 6 anc
integrating the information to a joint mission plan. Onedlev  UAV#2. For illustration purposes, the exact location atefi
lower, neither the remaining range, nor weather conditionshe battery will be empty is marked by “0 %”. To incre
are shown. At the lowest level, information about the seléct safety, this conservative approach is chosen.
UAV’s battery level is given in terms of the voltage. Giveeth The means-end relation between the joint mission
highly nonlinear relation between battery voltage andgbar and coverage is depicted by drawing the colored wayp
this only gives a very crude estimate. Information about thepn top of the coverage shading. That way, the operato
current wind speed and direction is not included. see which parts of the flight plan lead to a certain cove
but also which waypoints fail to do so.

3 VISUALIZATIONS

Combining the WDA and the mathematical foundation of3-3  Physical function
the problem, a set of visualizations is created. As ther@isn  Figure 4 shows how remaining range can be visua
predefined procedure to follow, this part of the ecologigal a by drawing a circle around the current position or a fu
proach is sometimes referred to as overcoming the creativwaypoint. Assuming an instantaneous change of headirg
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UAV 1 UAV 2

100%

5 wp1
0% wp2

wP3
WP4

WP1
wp2

WP5
WP6
WP3

WP4
WP6

é H WP3  WP4 WP WP3 é H

UAV 1 UAV 2 S
WP7 WP7 WP7
(a) Stylized map view showing the coverage shading (b) State-of-charge indicator. UAV 1 still has
and waypoint coloring. For illustration purposes, the energy at waypoint 7, while UAV 2 needs ad-
exact position at which energy for UAV#2 will run out ditional energy, as shown by the additional red
is marked with “0 %”. coloring below the 0 % marker.

Figure 3: Side by side view of a stylized map view the statekafrge indicator for two UAVs. Waypoint numbers (WF
WP7) in both depictions correspond to each other. UAV#1 isvshaon the left and UAV#2 is shown on the right.

visualization is equal to a circle with radit$ - E' that has 3.4 Physical form
been shifted by, - E. Depending on whether the range
frp m the current. position or a future Wayp0|-nt IS .shown, theof information related to the battery level and energy us
airspeed and altitude used for the computation differshAt t Most basically, the height of the colored column is an an

cur.rent position, Fhe current airspeed and altitude are US€ndication of SOC, ranging from 0 % to 100 %. Dashed |
while at a waypoint, the respective values at that waypoin

. bt lower heights show the expected SOC at future wayp:
are taken. To reduce clutter, these circles are not shown t\)&hich can be lower than 0 %. In Figure 3(b), this is the

default and must b.e .spe.cifically toggleq on. for waypoint 7 of UAV#2, so additional energy is requiret
A second, albeit implicit representation of the range fromyasch that waypoint.
a future waypoint is the coloring of waypoints. A yellow way-

oint shows that the remaining range is less than the distanc Analogue to the waypoints on the map, different cc
P . g rang . are used to further highlight what each expected SOC m
to the base, while a red waypoint shows the remaining rang

. i : .- ANGE reen represents a good status, equivalent to a white
:iiziirghTT;also links both the remaining range and the Jompoint on the map, like waypoints 1 - 3 of both UAVs in F

pian. o o ) _ure 3. There is, however, a distinction made between a
Usage of these range indicators is likely restricted to sit,4 qark green. The dark green, as seen below waypoir

uations in which the operator wants to check the remaining;a/#1 shows how much energy will be in the battery o
range at a specific waypoint or compare two waypoints.  the |ast waypoint of the flight plan is reached. Yellow sh

that the waypoint can be reached but the UAV cannot r
@ to the base afterwards, while red indicates that a certajn

The SOC indicator as shown in Figure 3(b) combines

point cannot be reached at all. In order to increase safes
coloring is done conservatively, that is the complete bkoe
wards a problematic waypoint is colored.

As an example, waypoints 1-4 of UAV#2 in Figure 3
not problematic, as shown by the green part of the colum
waypoint 5, the UAV’s SOC will have dropped so far thi

Figure 4: Remaining range from the UAV’s current position safe return to the base is impossible. Therefore, the cda
and from a waypoint. block between waypoints 4 and 6 is colored yellow. S

AUGUST 12-15, 2014, DELFT, THE NETHERLANDS 191


https://www.imavs.org/pdf/imav.2014.24

.org/

1mavs

/IWWW

http

IMAV2014-24

https://lwww.imavs.org/pdf/imav.2014.24

larly, waypoint 7 cannot be reached at all and would require/-"~
additional energy, so the column below waypoint 6 is colore
red. :
Lastly, the horizontal indicator at the 0 % height shows|&® . :
the instantaneous power consumption. The black arrow ¥ &3
the top of the column gives a prediction of how much energy §
would be used to return to base from the current position.

Each UAV that is controlled is represented by one of these
SOC indicators, which are placed next to each other. Thea
way, the operator can easily compare the SOC of all UAVs
even though they are visualized by an analog display.

Wind information is given by a simple wind sock, as de- |

3 alft
20 EH I ickwaypis Coneruav| Mishow ment M

picted in Figure 5. The wind sock rotates to show the di-| 3% = e o 3 Q)% 0w S
rection of wind, while the wind speed is given as a number|jzzimzae = R cue

This enables the operator to quickly get an estimate of winc = F_wf"z‘ff’j"ﬂ e

direction and a precise measurement of wind speed. For tt i e

assumed constant and uniform wind, such a display is Suffil sss/Es e e

5 Fleet Overvien,

|

cient. 3 z
Wind speed and direction considerably affect the energy, « e
usage for a given flight plan and the result is shown in othe i i 1 i

indicators. As an example, flying upwind reduces the rang
compared to flying downwind, which is visualized through
the range circles. Therefore, while not explicitly showthg

relation between wind and the remaining range, it can be deFigure 6: SmartUAV interface with ecological additions.-
duced. picted are the mission vie@, fleet overview® and flight

control system status windo@®.

tion of 2560x1600 was used to display the GCS as def.
in Figure 6.

4.1 Setup

Figure 5: Wind sock Ten subjects - four of which have previous experie
with SmartUAV - were asked to perform a mission with
) different starting conditions. The objective of the missizas
3.5 Final Interface to survey the town of Nootdorp by loading and maintair
A screenshot of the final SmartUAV GCS interface a predefined flight plan. This flight plan is equal to the
including the aforementioned ecological improvements isshown in Figure 3 but extended to four UAVs. Since pail
shown in Figure 6. Additions to the mission vie® are  UAVs are converging, this flight plan makes it easy to ¢
the addition of the wind sock in the top left corner, cover-pensate for failures by a single UAV. Furthermore, cove
age shading, coloring of waypoints and the ability to vielv al of a predefined area had to be perfect and there should
flight plans at once. Circles showing the remaining range argvaypoint from which a UAV cannot return to base. Pc
also added but cannot be seen in this particular screenshdile collisions could be ignored. To reduce learning effat
The fleet overview?) is supplemented with the SOC indica- the comparison of scenarios, the scenario a participanéed
tor. The flight control system status windd® remains as it  with was alternated but the order of scenarios stayed cai:
was before. That is, two participants solved scenarios 1, 2, 3, 4, 5,
participants solved scenario 2, 3, 4, 5, 1, etc.
The five scenarios covered failures induced internal
To test if operators can indeed use the interface as inthe battery and externally at the wind condition. On to
tended, an evaluation study was performed. This study wathat they covered failures at a single UAV and at muli
carried out in the ATM-Lab of the Faculty of Aerospace En- UAVs.
gineering, Delft University of Technology. The ATM-Lab To solve problems during the mission, it was possib
is equipped with computers running Windows 7 on an In-change the number and position of waypoints. Partici
tel Core i7-3770 processor and an Nvidia Geforce GT 64Qvere therefore not constrained to only use the prede
graphics card. In addition, a 26 inch monitor with a resolu-flight plan but could chose any order of waypoints. H

4 EVALUATION STUDY
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ever, the altitude of waypoints was limited between 200 m

1005 nan _ n E Scenar@o 1
and 500 m. o I ] Scenari
Scenarios 1, 3, and 5 were expected to be solved by deleg il I Scenario 4

[ Scenario 5
ing unreachable waypoints and increasing the altitude ef th%’,

remaining ones. Scenario 2 contained no failure while sced |,
nario 4 was designed to be unsolvable.

n

Useful

4.2 Measurements

After each run, participants had to fill out a questionnaire.
The first part of this questionnaire contained open question I I
about the participants’ decision process. The secondpastc ' LWL B LB L
tained a list of the improvements made to the interface tha. Interface elements
had to be rated on a scale from one (bad) to ten (good), ac-

cording to their usefulness. The list of improvements that=igure 7: Bar plot of average usefulness ratings - groupt

were to be rated is given in Table 1. interface element. The list of interface elements is give
Table 1.

Table 1: Participants are asked to rate the usefulness of the

following items on a scale from 1 to 10 problems are found at the highest level abstraction, he
A Predicted coverage abstract function of coverage. However, adding a brigh
B Actual coverage line to the map shows to be a stronger indication than re
C Coloring of waypoints ing a light shading.
D Coloring of lines between waypoints Somewhat useful
E Current state-of-charge E Current state-of-charge
F  Expected state-of-charge at future waypoints F Expected state-of-charge at future waypoints
G Energy required to return to base Participants used the SOC indicator for two purpc
H Current power consumption When the map was not centered at the search area, ¢
I Current range the waypoints were not visible on screen, participants
J Range at future waypoints the SOC indicator to find potential problems. Mostly thot
K  Windsock it was used to match the flight plans visible on the map

the corresponding UAVs. This reveals a considerable |
J?m with how the joint mission plan is visualized. By sht

. Next to the_questlonnalre,_data was gat_hgred by recor ing all flight plans concurrently, without further distimnan,
ing the screen images and voice of the participants. For that

reason, participants were asked to think aloud at all times Operators were forced to use alternative means to ide i
P p " problematic UAV. Incidentally, this is the number one fe

4.3 Results back given by participants.
The results of the rating feedback show some clear trenddot useful
in which interface elements were considered useful or notB Actual coverage
Figure 7 shows a bar plot of the average usefulness rating fa& Energy required to return to base
each combination of interface element and scenario. THree ¢ Current power consumption
the elements appear to be the most useful, while the majority Current range
was considered not useful. Based on the usefulness ratiny Range at future waypoints

interface elements are can be put into three categories. K Windsock

Very useful The high number of interface elements with a low ra
A Predicted coverage has different reasons. During the evaluation, problems
C Coloring of waypoints solved while the UAVs were en route to the search area, v
D Coloring of lines between waypoints implies that most of the time, the past track of the UAVs

The high usefulness ratings for the predicted coveragenot visible on screen. Also, participants were specificallg
coloring of waypoints and coloring of lines between way-to ensure a perfect predicted coverage. Therefore, th
points are in line with how the participants solved problems rating for the actual coverage was expected. Focusing ¢
Feedback to the open questions as well as the audio recordimgediction also caused the indication of how much ener
reveals that participants found and solved problems atla higrequired to return to base to be rated low. While this i
level of abstraction. Specifically, the coloring was useteto  cation shows more information, the yellow coloring of w
alize that a problem was present, while a solution was foungboints provides a sufficient binary feedback in the form &
using the coverage shading. Originally it was expected thabr no. As a result, the energy required to return to base
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dundant. However, when there was no problem as in scenarioom all participant. By applying the same color scheme t
2, this indication became more important again - an effatt th waypoints, operators sometimes had significant trouble
carried over to the next scenario. As outlined previous$lg, t ing the right UAV for the waypoints they were looking
range indicators are likely limited to very specific sitoas ~ This makes it necessary to update how waypoints and
in which a direct comparison is required. During this evalua are drawn. A possible solution would be to only color
tion, that was not necessary as the same information could Himes and use different waypoint colors to indicate whiclyy
retrieved from the color of waypoints when they were movedpoint corresponds to which UAV.
around. Future research in this field should expand the interfa
A surprising result is the low rating for both the current include more means-end relations from the full AH, spe
power consumption and windsock. It was expected that parcally the abstract function of data quality. Currently, tes
ticipants use the interface to exercise top-down reasaming solution to solve problems of coverage is to increase tt
find the root cause of problems. That way, it is possible tatitude as much as possible. Without the restriction of a 1
follow the AH from failed coverage down to the battery level imum altitude, that is exactly what participants would t
or wind. Instead, participants noticed and solved problemslione “because that always works”. Adding data quality
at high levels of abstraction, without looking for the cause constraint should solve that issue.
To give an example, during scenario 4 only one participant
noticed that the wind was stronger than usual. This inter-
face was therefore successful in not forcing a processiag at ~ Following an ecological approach, the human machin
higher level of cognitive control than required. terface of an existing ground control station was improw
support the control of a UAV swarm. These improvem
visualize how battery level (an internal constraint) asl
as wind speed and direction (an external constraint) i
Out of 40 individual runs, eight were not finished successnce a higher level goal of achieving coverage in a sui
fully. Of those eight failures, four missions arguably éail ~lance mission. An evaluation study shows that operator
due to unnecessary mistakes such as not uploading the flighticcessfully use these new interface elements to cont
plans or missing a small part of the search area. Most ngSWarm and solve problems during mission execution. Tt
tably, the unsolvable scenario 4 was solved six out of tersults of the evaluation study showed that operators had-
times. Participants did so by adopting a different strategyi€r System understanding and that it promoted creative-
than anticipated, which was to delete the problematic waylem solving activities to scenarios that could not be solvg
points and increase the altitude of the remaining wayppintsfixed procedures. It therefore shows that ecological iate
while sticking to the general pattern of the predefined flightdesign is a viable option to support operators of UAV swa
plan. Instead, they also changed the order of UAVs within

6 CONCLUSION

Mission success
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