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Abstract

We report results of a human-in-the-loop experintbat aimed to quantify the effects of networkirigedse
sonar sensors in an operational environment. Hgstily, sonar performance has been evaluated by
conducting a series of detection runs to measugerdhge at which a fully alerted operator can degec
contact using the sensor being tested. Two effeasluded such a simple measurement in our caje: (1
fully alerted detection ranges can vary considgrdtdm those achieved by unalerted operators, 2hadvé
needed to evaluate the effect of operators hawiegss to information from more than one sensorr@pe
performance was measured by replaying sonar dataded at sea and displaying the resulting infoionat

on a single operator’s display. Participants, cstitgj of DSTO staff, were given standarised trajniim the
operation of the display, and were asked to idgmtiintacts of interest. We investigated a numbeaspiects

of their performance as the number of sensors abail on the display was varied. The key
performance metric was the time participants tookidentify contacts of interest. From this smalhlsc
experiment (single operators before a single s¢rees identified issues associated with sensor ordng,
training, situation awareness, information fusiomd a@nformation overload. Quantitative and qualitati
results derived from the experiment indicate thallehges of conducting experiments with a limiteshnier

of participants and recorded real-world data.

1 Introduction

The experiment described in this report was coratlttt suppport a DSTO-developed Capability Tectgylo
Demonstrator (CTD) on “network-enabled undersedawaf. This CTD, which networked a diverse range of
underwater sensors, aimed to improve the capalofihDF surface platforms to detect underwater aotst

of interest (such as submarines). There was altenpal for a reduced crewing requirement if infation
from several sonar displays (usually crewed by ipleltsonar operators) could be integrated intodisplay.
This experiment was conducted to assess the Soestr Bed (STB), to examine the effects of sensor
networking and to highlight areas where future weduld be beneficial.

The primary issue to be investigated was the beaktionnecting several undersea sensor systemsitgyle
operator’s display, and, in particular, whethes timproved detection performance in an operatisetting.

In other words, our experimental question wases networking a number of sonar systems faalitabre
accurate and timely assessment of what is and ésontact?This aim required human operators to decide if
contacts that appeared on the screen were to gsedas “contacts of interest”.

2 Experiment

This experiment was based around feeding datadedaturing a sea trial into the STB. The data vide &
be re-played as required by the experiment; thathis data could be re-played by switching on thtad
stream from 1, 2, 3 or 4 sonar sensors in any coatioin. The combination of sensors available wagéid
to those that were recorded and which were detgtiie target(s) at the time during the sea triak $ensor
networking used in the trial (that is applicablehe experiment) can be seen in Figure 1 belowa Eram all
4 sonar systems was relayed to the ship, wherastrecorded. During the experiment, participardayed the
role of sonar operators on-board HMAS Arunta.
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Figure 1: The network of sensors used in the seh tr

The sonar systems used in the trial, and replayedgithe experiment were:
1. ahull-mounted (Spherion) sonar, mounted on tive, las shown in Figure 1,
2. atowed array (Advanced Surface Ship Towed Arraga®®ystem or ASSTASS)—a long flexible
hose containing an array of hydrophones, and talwedigh the water by the ship,
3. amulti-static sonar system, in which the sounda®and the receiver are physically separated, and
4. asea bed array—DSTO’s Deployable Remote Monitéredy (DRMA)—deployed on the sea bed.

The Spherion and towed array (ASSTASS) were usedbaih active and passive modes during the
experiment. Multi-static was an active source, Witk Spherion, DRMA, and towed array receiversaitg
the noise in which ever mode they were in. The DRWHES passive-only.

The STB used in the experiment had a single disgigigled into various parts as can be seen in Eigur
below.

Figure 2: Screen capture from the STB.

The main part of the display, the Plan Positiondatbr (PPI), is a plan (top) view of the areargkrest. In
Figure 2 above, it is the top-left, largest, pdrthe screen. It brings together information frome tvarious
sensors being used into a single display. Of pynr@erest are the automatically generated detestiovhich



are colour coded according to the sensor that ttdbem. Participants were required to investighése
automatically generated detections and using thglaly tools, come up with an assessment (accotdiag3-
point confidence scalpof whether they were contacts of interest.

2.1Experiment Design

The experiment was designed around 6 data setsvératchosen because they contained good detections
the contacts of interest on multiple sensors. Turabrer of sensors in the data sets was varied.

The experimental sequence was planned so thatiparits never worked with the same at-sea datave

(say, with different configurations of sensors).isThvas to avoid an expected learning effect. Eleven
participants were obtained from DSTO staff, whioblided two embedded naval personnel designated as
‘experienced participants”.

A standardised training procedure was put in pleareall participants. Participants were also asked
complete a questionnaire on the useability of tysesn. A photograph of the experiment being corefiict
can be seen in Figure 3 below.

Figure 3: A photograph of the experiment being eartdd. The participant in the centre is investiggti
detections to determine contacts of interest whigeobservers on either side record information.

To balance the need for multiple replications vatlsingle participant and the need to minimise pigdint
fatigue, participants were asked to do four experntal data sets each. It was estimated that thedeha
practice data sets would take 1% hours (6 datairs@ise session). So, the experiment was desigremd
four runs per participant using all six of the da&ds, as we wanted to ensure that the experinoeetred a
variety of conditions. The expectation was that thdation in data set and participant should beloan or
able to be extracted, allowing the effect of thieking to be analysed.

The order in which the experimental data sets wedertaken was also varied, along with the ordethef
different sensor-network configurations. This waghsure that any effect due to order was minimisedr
sensor network configurations were used (1) ASSTABS®ed array) only, (2) Spherion only, (3) Sphario
plus ASSTASS (towed array), and (4) all availal#asors (which could be 2, 3, or 4 sensors, depgrnafin
the data set). A schematic diagram showing theayepl the recorded data using the STB, and thesadpnt
of sensor type is shown in Figure 4.

11.e. “Not confident’, “Maybe”, or “Yes, confident”
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Figure 4: Schematic diagram of the replay of séaltdata to experimental participants using the SAii
varying the available sensors.

It was important to do the Spherion plus towed yaase (configuration 3) along with each singleason
system separately (configurations 1 and 2), becahiseallowed all contributions from ASSTASS and
Spherion to be accounted for without any confougdiansor factors (although there is still the vammin
participant and data set to take into account). flitg networked case was still run as part of éxperiment,
because it was considered important to test theegirbehind the STB.

2.2Measures of performance

The primary question was whether networking théasar sonar systems being investigated in this éxeet
improve operators’ detection performance, in palicby providing more timely and accurate assessmoe
what is and isn't a contact. It was proposed trafggmance was primarily related to the time tat@detect
underwater contactsSo, the primary measure of performance wasdgetification time(or ID time), equal
tot, - to, wheret, was the time at which the participant assessezhtact as being of interest (by declaring
“Yes, confident” according to the 3-point confidenscale described above), agdvas the first time the
contact appeared to fully alerted operators on plaaticular sensor. The quantiywas determined by the
trials team after close examination of the trisdsad It was the earliest that they could possibiyficm that a
detection recorded by a particular sensor corredgmho the contact, being fully alerted to looktie known
location of the contact. The identification timeuwle be used to compare the reporting delays oflsisgnsor
runs and multi-sensor runs.

The secondary measure of time used wascthdidence timewhich was the time the participant took to
become confident that a contact was of interegr diitst taking an interest in it. The confidenome was
equal tot, - t;, wheret, was the time at which the participant assessednéact as being of interest (by
declaring “Yes, confident”), and was the time at which a participant first tookiaterest in the contact. The
relationship between these time delays and therebdevents is shown in Figure 5.
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Figure 5: Definitions and relationships between k&gnt times in the experiment.

2 Traditionally, range of detection is the primargtnic in sonar assessments. However, the relative
positioning of the platforms during the trial pnedéd using range for this experiment.



The proportion of correct and false detections ianportant indicators of detection performance. The
maximum possible number of contacts varied in tifflergnt data sets. The proportion of correct dibas
was therefore defined as:

numberof correctdetections

Correctdetectiongindexed)= - . .
maximun numberof correctdetection for thatdate se

For instance, if there were two contacts able todetected for the data set, and only one of theze w
detected, then the Correct detections (indexed)dvoe equal to 0.5.

A false detection was when a participant assedssdhey were confident that a detection was aambruf
interest, however, the detection did not correspona real known contact when compared to the tdatia.
The number of false detections could not be indaretthe same way as the correct detections, howéver
was sometimes used in comparison with the numbepiwect detections to see whether the numberlsé fa
detections was related to the number of correaatieins, for example would having twice as manyrexdr
detections be at the cost of twice as many falsectiens? This metric was defined as follows,

numberof correctdetections

CorrectnesRatio= - i
numberof falsedetections

For each participant, the number of automaticadigeyated detections they investigated was recoededell
as how many of these the participant assesseloadaybe or Yes, Confident The number ofYeses
compared to the total investigated might indicatgipipant confidence.

3 Results

3.1Data set characteristics

Each of the data sets were recorded under slidiffisrent conditions (for example, the acousticiemvment
varied) during the trial. The differences betwebka tlata sets, both quantitative and qualitativee Haaen
captured here, as they are an important factoctidfgthe results.

Some of the key differences between the data setbe seen by examining the participant resultsdadain
metrics. The following box plots show the variatioh the identification time, and the confidence ¢im
grouped by data set. The box plots show the mininauntd maximum values at the extreme ranges, the
median observation, and th& and 3' quartile observations. The individual observati¢resv data) are also
plotted.
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Figure 6: Box plot of identification times groupky data set with statistical summaries.



Figure 6 above shows the variation in the timeipigents took to identify contacts of interest lire tdata sets.
It can be seen that data set 5a4 stands out inarisop with the others as having very little vadatin the
time taken between participants. In contrast, datsba2 had a high level of variation, with obstoves at
very short and very long time intervals. Figurel&ady shows that the variation of the time takendentify
contacts of interest varied significantly betweatadsets.
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Figure 7: Box plot of confidence times grouped atadset.

The box plot in Figure 7 also shows variation ia ttme to gain confidence across data sets. Theptrn is
data set 5a2, which had a large variation in thre tparticipants took to gain confidence. This iasistent
with the large variation in the identification time

Figure 8 below compares the correctness ratio (e) tthe ratio of correcti() to false i ) detections) across
data sets.
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Figure 8 Comparison of the data sets looking atecr (indexed) and false detection, as well asréti® of
correct to false detections.

The number of false detections varies across dats sith run7 and 3arunl in particular having high
numbers of false detections on average. The otharacteristic that is highlighted in this figuretige high
correctness ratios for data sets 5al and 5a4. Songehad a significantly higher (or lower) numbédr o
automatically generated detections shown on theesccompared to others, which may have made it (oore
less) difficult for participants to choose potehtiantacts of interest. Is there any evidencelig?



To answer this question, we note that runs 7 artdheal relativelymore detections on the display, yet in
Figure 8 we see that these two data sets only ibaestwo of the four sets having the lowest camess
ratios. Conversely, runs 5al and 5a4 had relatifesydetections on the display, and indeed (Figuré83e
two data sets have the two highest correctnesssreBio the evidence is positive that sparse dispiad to
high correctness ratios, but not that highly chaitedisplays lead to low correctness ratios. Loweminess
ratios may be caused by factors other than displater.

3.2Participant Characteristics

The participants were profiled against various fogtto identify any outliers or trends that woulifeat

results. Figure 9 below shows the participantshidieation and confidence times averaged over data and
levels of networking. The resulting variance betwgarticipants of these two measures is not Stlbt

significant. Both of the experienced participamskt less time than the inexperienced participamisiéntify

contacts of interest and to gain confidence. Fohgaarticipant, the gap between the identificatiomre and
the confidence represents the time between théestadossible detection time and the time the gigent
first takes notice of a detection (see Figure Bjsfuantity is also smaller for the experiencedigigants.
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Figure 9: Identification and confidence times foarficipants averaged over all data sets and levefls
networking, and plotted in rank order.

Figure 10 below profiles two metrics that are mépnt-dependent, so the variation between meatisest
metrics is statistically significant. The two mesriare the number of contacts investigated anduhgber of
false detections (i.e. the number of faeses Participant ‘f had an unusually high number fafse
detections. Participant ‘i’ investigated very matgtections while having the longest mean identificatime
(Figure 9).
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Figure 10: Number of detections investigated arel iiamber of false Yeses for each participant, ayesla
over data sets and levels of networking, and ploitterank order of the number of detections ingzdgd.



3.3Timeliness and Accuracy Results

The primary aim of the experiment was to addresgtestionDoes networking a number of sonar systems
facilitate more accurate and timely assessment lodtvis and isn't a contactRegarding the timeliness
aspect, the following figures show the identificatitimes and confidence times plotted against elellof
networking.
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Figure 11: Identification times for each particigaand data set plotted against level of networking.
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Figure 12: Confidence times for each participantiatata set plotted against level of networking.

Although the mean times in Figure 11 might seernmtlicate a decrease in identification time as thel of
networking increases from 1 to 3 sensors, follolwgdn increase in time from 3 to 4 sensors, theetyitg
variance in the data prevents us from concludiag tite level of networking either increases or dases this
time delay. Similarly, the variation in means igute 12 is not statistically significant.

From the last two figures we can see an increaghdrtime metrics as we go from 3 sensors to 4.6Som
participants expressed the opinion that the datawere more difficult with 4 sensors present,tsmay be



that the complexity of the information presenteds\aacontributing factor to this increase in timetns. It
could also be due to the characteristics of thdiquaar data sets that had four sensors. However, t
difference is not statistically significant, anddgtnot possible to determine the cause of thesame without
further data gathering.

Having dealt with theimelinessof determining a contact of interest, we now ga@imvestigate associated
accuracymetrics, that is, the numbers of correct and falesdecisions (here we will call ares, Confident
declaration” adetection.

Figure 13 shows a large increase in the mean nuwfbeontacts correctly identified when going fromeo
sensor to two. When only one sensor was availdlel(of networking equal to 1), there were 11 cioas
when participants failed to make any correct déast At higher levels of networking, at least afi¢he two
detectable vessels was always detected. This Jaegelounts for the increase in the mean numbepwéct
detections when going from a level of networkindldb 2 or more.
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Figure 13: Number of correct detections for eachtiggpant and data set plotted against level ofmertking.

This trend is supported by the analysis of variaand other analysis conducted, which shows that the
difference between one sensor and 2, 3, or 4 sensostatistically significant (the differences rimeans
between 2, 3 and 4 sensors is not statisticallyifsigint).

Figure 14Figure 14 shows the (participant-dependaumnber of false detections plotted against thellef

networking. The differences in means for these nmegsents is statistically significant. However sthietric
is participant-dependent, and furthermore, a sidgka point at a level of networking of 3 appearbé¢ non-
typical (8 false detections for one participantdistaset “3arunl”, whereas no other participant nmades
than 3 false detections and the mean for these pHrécipants for that data set was 2—with no agerfor
other datasets exceeding 1.6). This non-typicalrdagrossly skews the mean for a level of networldh§.

It is therefore likely that the statistical sige#ince found for the variation in these means isedby the
non-typical result, along with other participaniacacteristics, and is not a result of the leveletfvorking.
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Figure 14: Graph of the number of false detectiforseach participant and data set plotted agairestel of
networking.

Figure 15 shows a face-plot of the identificatiomes for each participant and dataset againstetel lof
networking. We can see (as noted in the discussiéiigure 13) that all detection failures occurreth only
one sensor, indicating that there is a benefitadfifig more than one sensor present. This benefjt meaa
result of different sensors picking up contactsngsidiverse sets of noise sensitivities, directional
discrimination, frequency sensitivities, etc.
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Figure 15: Identification times plotted for eachtdaset, with the participants labelled by anonyrditaces.
Wavy lines indicate a failure to make any correetedtions. (Note the variation in identificatioime
between the data sets.) Duplication of a partioipappearing in the result from a single data seticates
that there were two contacts that it was possiblddtect.

It is of interest to examine the effect of levelraftworking on participants’ confidence in declgroontacts

of interest. As an indication of the participanigvel of confidence, we took, the number of Yedes @&
participant declared as a proportion of the totainher of contacts they investigated. Level of aderfice
alone is of no particular benefit unless it is assted with a high rate of accuracy. We take thelper of
correct detections as a proportion of the total bemof contacts investigated as an indication of a
participant’s rate of accuracy. Figure 16 showda of levels of confidence and rates of accurplojted
against level of networking.
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Figure 16: Participants’ level of confidence andeaf accuracy plotted against level of networking.

We see that there is a trend of increasing meaei téfhconfidence with increasing level of networdimhere

is a large variance in the underlying data, buiyasis of variance (ANOVA) analysisshows a statistically
significant difference in the means between lewdlsetworking of 1 and 4 sensors. The mean rate of
accuracy also increases with level of networkirgyyéver, this visual trend is not statistically sfgant, and
more data would be required to confirm this result.

The plot in Figure 17 shows the correlation betwisese two measures, which is statistically sigaifi.

Rate of accurag,
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Level of confidence
Figure 17: Rate of accuracy plotted agains leveta@iffidence, labelled by level of networking.

Five of the 11 participants (45%) commented thatythielt they didn’t have enough time during the
experiment to further use various tools. Howevdrilevcognitive load was assessed to be between naiede
and high on average by participants, some partitipaid not feel rushed or pressed for time as they
examined less detections in a more methodical mra@fenote, the experienced participants were nubreg

this group. Table 1 shows that the participante Vet pressed for time actually had a higher nundféalse
detections and a lower number of correct detectionaverage.

3 A common technique used to determine statistigaiificance.



Table 1: Table showing correct and false detectiopgroups of participants determined by their péved
time-pressure.

Average correct detections  Average false detections
Those who commented they felt pressed for time: 30.9 2.05
Those who did not comment on time contraints: 1.05 0.84

4 Conclusions
This experiment aimed to answer the question:

Does networking a number of sonar systems faalitabre accurate and timely assessment of what
is and isn’t a contact?

We cannot conclude from this experiment (given vheiance of the limited datasets and of participant
performance) that the level of networking eithecrdases or increases the timeliness of detectintacts of
interest. There is, however, evidence that thigl kof networking increased the accuracy of pardctp’
declaration of what was and wasn’t a contact ofregdt. This benefit is clearly supported as the bemof
sensors increases from one to two, and is alsoostggpby qualitative comments from participantdista
that there was a definite benefit for them having sensors rather than just one. When participamits had
access to one sensor, they frequently failed toenzedy correct detection at all, but when they hamkss to
two or more sensors, they never failed to makersecbdetection. The results also indicate thavoeking
more sensors gives less false detections.

Qualitatively, most participants coped well witletbomplexity of the display and the information\pded.
Feedback from the questionnaires indicated thagradly participants felt challenged cognitively,tithe
display was easy to use, and they understood tie amd displays well. Complexity was observedoob
more concern when there was a high degree of nkimgopresent, and was also very data set dependent.
Conversely, for some data sets at a low level ¢dvoeking, participants were very comfortable. Fram
experimental viewpoint, this is a positive outcoras, the participants experienced a range of camditi
similar to a real situation.

The use of human-in-the-loop (HITL) experimentatiorthis CTD was valuable for gaining feedback from
the participants using the system. In this caseethvere many constraints, some of the key onesedaog the
need to avoid the learning effect of presentingigigants with the same data set.

Further work needs to be conducted to fully ansierquestions proposed. Nevertheless, the expetrives
valuable as an initial study to identify some oé tissues and potential ways to overcome or avadth
Qualitatively, the system shows great potentiafffidure benefits to the Navy in the detection afitacts; and
allows us to investigate reduced crewing and spageirements; and integration or fusion of inforimatto
provide a more comprehensive underwater pictureingato improved situational awareness. This
experiment was exploratory only and not extensivaugh to rigorously investigate these potentialefie

Finally, although using recorded sea-trial datasactédibility to this kind of exploration, it comes the cost
of a loss of control of the configuration of serssand contacts, and an inability to perform repides. It
could be that using simulated data would allow aemmnclusive experiment of this type.



