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TO THE NORTH COAST OF DEVON: COLLABORATIVE
NAVIGATION WHILE EXPLORING UNFAMILIAR TERRAIN

William J. Clancey’, Pascal Lee, Charles S. Codkell?, Stephen Braham?,
and Mike Shafto”

NavigationN knowing where one is and finding a safe routeN is a fundamental
aspect of al exploration. In unfamiliar terrain, one may use maps and
instruments such as a compass or binoculars to assist, and people often
collaborate in finding their way. This paper analyzes a group of people driving a
humvee from a base camp to the north coast of Devon Island in the High
Canadian Arctic. A complete audio recording and video during most stops
allows a quantitative and semantic analysis of the conversations when the team
stopped to take bearings and replan a route. Over a period of 2 hours, the
humvee stopped 20 times, with an average duration of 3.15 min/pause and 3.85
min moving forward. The team failed to reach its goal due to difficult terrain
causing mechanical problems. The analysis attempts to explain these facts by
considering a variety of complicating factors, especialy the navigation problem
of relating maps and the world to locate the humvee and to plan a route. The
analysis reveals patterns in topic structure and turn-taking, supporting the view
that the collaboration was efficient, but the tools and information were
inadequate for the task. This work is relevant for planning and training for
planetary surface missions, as well as developing computer systems that could
aid navigation.

INTRODUCTION: PRACTICAL AND SCIENTIFIC OBJECTIVES

During Apollo luna traverses the astronauts relied on CapCom, a Mission Control
point of contact in Hougon, to hdp them navigae and use thar time wisely. Until roads
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are built and signs deployed, future luna traverses will pos the same navigdion
difficulties encountered in Apollo, especially when exploring new areas. Even roboic
teleopaations from earth will require teams to relate imagery to thar maps and route
plans Consquently, it will be useful to better undestand how people navigate usng
maps and wha problems they encounter in coordinaing wha they see, interpret, and say
when driving avehicle in hazardousterrain.

In particular, Apollo@ luna traversesillugrate tha detours are often required when
the terrain is unfamiliar and irregular, and these delours necessitate repeatedly re-
establishing one3 location and replanning a route. This problem occurs despite learning
to recognize and name landmearks (such as craters) from phoographs as exemplified
whiledrivingtherover in Apollo 17"

146:22:32 Gene Cernan: Look at tha. Right onthe southeastern ...

146:22:34 Jack Schmitt: Now, wait aminute.

146:22:35 Cernan: ...(Correcting himself) southwestern rim.

146:22:36 Schmitt: Y eah, yeah.

146:22:37 Cernan: (Perhgpslooking at cuff checklist #22) Y eah, because Horatio's
gotto beonourright. Well, wait aminute, doggore it.

146:22:41 Schmitt: It's not Horatio, isit?

146:22:43 Cernan: Well, we'reat 094, 1.7.

146:22:46 Bob Parker (CapCom): Stand by. (Pause)

146:22:52 Schmitt: No, | think that's Camelot. Horatio didn't..

146:22:53 Cernan: Tha'stoo... Tha's too...

146:22:54 Schmitt: ...have blocks tha far uptherim.

146:22:55 Cernan: ..Let me...Yeah, let me lodk in the botom. I'll tell you. |
remember.

146:22:58 Schmitt: Y eah.

146:23:00 Parker: Tha kind of soundslike Camelot to us E

Even usng today® technologies like a globd postioning system (GPS) tha might
pinpoint location automatically, a route suitable for the mohility of the trangontation
vehicles and robots must still befound. Routes mug adgpt to local condtions (e.g., cliffs
and looe rocks) and therefore looking ahead during travel is required. Jumbled luna
terrain required many detours’:

142:26:25 Cernan: We're doing a little zig-zag navigdion. | literally came up a
dopeat about a heading of 240 (WSW). We couldn't get throughthe actud turn to the
south because there is a big crater right a the foot of it. So we're just making our way
throughsome relatively local undukting slopes that get pretty steep, butit seemsto be no
problem.

In such circumstances, explorers need to articulate thar location hypaheses and
route plansto each othe:

142:31:58 Cernan: Jack, I'm going to head right aong this ridge because | think
tha's the depression we were talking about

142:32:01 Schmitt: Y ep, tha's Nansen down there,
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142:32:02 Cernan: Where are you looking?Right there?

142:32:04 Schmitt: | think, right bdow...

142:32:06 Cernan: | think you're right | think that's it. Let me get over here, and
then I'll head alittle bit to the south.

~142:32:12 Schmitt: Yeah, we're a little more west, | think, than we intended to

beE

142:33:29 Cernan: Bob, my best guess - let's see, 077, 7.7, 6.6 - is tha we're
coming up onthenorthern side of Nansen.

An externd assistant, such as CapCom, usng perhgps different maps and lacking
the astronautsOpoint of view, as well as not seeing thar gestures, must sometimes
struggle to follow along’:

144:22:22 Schmitt: I've sort of log track (of thetwo bright craters)...

144:22:23 Cernan: We're aboutthere (pointing at the map).

144:22:24 Parker: | think we expected you guysto beallittle bit farther north...

144:22:26 Cernan: | think we want to be more to theleft.

144:22:26 Parker: ...We were guessing a heading (means "reading"”) of 080 for the
bearing (to theLM) which really kind of says you were going a bit farther north than this.

[Parker is confused . 080 was the bearing at the cancelled LRV stop. Houston
estimates that Station 3 will beat 0896.1. Gene (Cernan) is currently at 0875.9, a short
distance southeas of where they wantto be]

Such interactions raise questions about automating CapCom@ navigaiond role. If
Bob Parker became confused when relating the current route to the plan and adjuding the
plan, how could a computer program do beter? Smaller robos might find a way
automatically or through teleopeation from a base camp, but such routes might prove
impassable for larger vehicles. Whether we are consdering people exploring or robotc
scouts or some combinaion, we need to learn much more about navigaion in unfamiliar
terrain so we can build the right tools and adopt practica opeations procedures. For
example, is a crew of two likely to be so overburdened tha an externd CapCom is
necessary? Could a computer ass stant automate some of these navigation tasks or at least
hdp CapCom follow along?

Andyzing the historical record of Apollo traverses is an excellent way to
undestand the navigation problems we will encounter on the moon and Mars.* Studying
exploration in unfamiliar terrain on earth, particularly in luna and mars andog
topogiphies, provides anothe oppotunity, which is the approach of this pgoer. We
study people handling seriouslocation and route problems, focusng on the strengths and
limitationsof thar decision making and communication practices.

_ The present study involves two scientists driving a humvee accompanied by two
GcoutsOon all-terrain vehicles (ATVS), carrying out an opeationd test in unfamiliar
terrain to the narth coast of Devon Idand in the Canadian High Arctic. This group

Thisitalicized note was inserted by Eric M. Jones, the editor of the ALSJ.
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conditutes a small Gway team,Oon a one night trip from base camp. To replicate a
protocol used on an earlier humvee trip, in which the scouts are smulating robot, GPS is
used only to establish waypoints and record progress, not to navigae. The experience of
this groupreveals tha GPS would have saved a great deal of timein locating the humvee,
butwould not have been sufficient for finding a safe and efficient route.

This paper approaches the humvee trip from two perspectives. as an andog mission
report with practical implications for plangary exploration and as basic research in
cognitive science. Theandysis presented here will straddle these practical and scientific
perspectives, on the one hand seeking to explain the outcome of the opeationd test and
lessonslearned, and on the other hand, to explore the daa in an open way to learn about
decison making dialogues dunng anavigdion task.

The scientific study of navigation involves investigaion in naural work settings
recording teamwork, and relating diverse perceptud cues, gestures, and artifacts (maps
andingruments). For these reasons the problem of group navigaion was mosly ignored
in psychology untl researchers took serioudy tha cognition is Stuated (located
physcaly and sodaly conaived), distributed (among people, computationd devices,
and moddities of representation such as gesture and speech), and interactive (involving
feedback on different levels with other people and machines).®> Chase and Chi® pioneered
the study of spaial reasoning in navigation by relating routes to the hand-drawn maps of
taxi drivers. Hutchins work”® is probaly the most well-known synthesis of situated
cognitionissuesin anavigaion setting, paticularly his studies of an airplane cockpit.

As the Apollo transcripts make obvious the teamwork of navigaion can involve a
complex dance between pilot and co-pilot, involving looking, pointing, describing, and
guestioning. Such exchanges, caled turn-taking, have been formalized in the field of
sodal linguistics since the 1970s” The data collected in the humvee affords studying how
the sequence of topics relates to different speakers. The speakers have different roles in
driving and navigaing, and this is manifest by how they focus on the world and the map,
asthey coordinae locating where they are and finding aroute.

The present investigaion is not an experiment with pre-ddined variables and
hypotheses. Rather, as much as thetrip for the geologist and biologist involved exploring
new terrain, thetrip was aso exploratory for the cognitive scientist. Onemightcall thisa
Ohaural experiment,Oin the sense that the scouting protocol involved well-defined gods,
players, communications and limited interaction with the outside world. On the other
hand, the trip was not designed to produe ussful information about decison making,
cognitive processes in usng aerial phobgraphs or teamwork. Rather, such issues and
thar relevance were discovered alongtheway, in themannea of geologists and biologists
discovering in the field materials and paterns relevant to ther interests. Hence, the
andysis of the navigaion dialogues indudes a strong classificatory aspect of sorting
throughdata to find statistically significant paterns.
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The hunvee pilot and navigaor thoughtthey would arrive at the north coast by
midnight, thar appraisal of thetask was incorrect. This becomes the starting point of our
study of thar decison making and communication practices. Using the audio and
phoographic record, we work backwardsto andyze the outcome of traverse and how this
relates to individud and groupdecisions Thusa central research question of this pgper is,
wha can we learn about the difficulties of the navigation task from the dialogues in the
humvee?

In our andysis, we find tha the excursion suffered from lack of information (both
locally and globdly in the route). Perhgops intentiondly, to carry out the experimenta
route-finding protocol, they did notreflect on trendsand theimpact of recurrent problems
on the overall god to adopt a different strategy. From these difficulties we can posit
planning, route-mapping tools, and dternaive protocols (e.g., different scouting
methodg tha might have ensured success in reaching the coast.

Regarding our practical conaern with planetary exploration, undestanding
navigaion is directly relevant to an ongong research project, called Mobile Agents.
Using the rubric of CGautomating CapCom3°*, we are developing computer agents that
astronauts can voice command during a extravehicular activity (EVA) to control devices
(e.g., cameras, robos), store and access EVA daa (e.g., name places and comment on
photographg, and receive location, procedural, and schedule advice. During such speech
interactions the computer system mus Qake tumsOin a way tha follows conventiond
paterns such as not interrupting people when they are talking to each other, respecting
authority”?, confirming commands and signding problems, and making contextud
inferences.® Related roboic research has consdered how to develop Gzonvesationd
agentsOwith informative gaze behavior (e.g., looking toward the listener).** Andysis of
the pilot-navigator discourse may be relevant for condructing a simulation™ of the
navigation practice of the team, which could in turn be used to specify and test an agent
tha provides navigaion assistance.

Subsequent sections of this pgper describe the experimenta setting and recording
methods hypoteses aboutthe outcome of the opeationd test, an overview of timing and
topics sdlient in the data, and a work practice analysis tha characterizes the navigdion
discourse as it relates to route decison making. The pgoer condudes with a summary of
theresults and implicationsfor future work.

EXPERIMENTAL SETTING: A HUMVEE OPERATIONAL TEST

This navigaion expeiment was pat of the annud Haughbn-Mars Project
expedition.*® Thehumvee pilot, identified in this paper as B, had previoudy led agroupa
week earlier to cross Devon Island usng aerial maps bringing the hunvee about 74 km
(40 nautical miles) from the west coast to base camp. Theintention now was to make an
overnight trip to the north coast of Devon Idand, about 20 km away, to reach the gullies
(genedly ice-filled cliff ravines) investigated by hdicopter in 2001 This traverse was
pat of a plan to condud tests of the vehicle over severa field seasons to learn its
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opeaating characteristics, issuesin navigation, habitability of the vehicle, and so forth. By
yielding agreat deal of such information, the opeaationd test reported here was a success.

The group hdd a planning meeting on Tuesday July 22, 2003 to configure the
navigaion process. It was decided to replicate the method used in navigaing from the
west coast, with a person on an all terrain vehicle (ATV) scouting ahead of the hunvee.
The pilot (B) and co-pilot (G) would ride up front; the observer (the first author) would
Sit between with cameras and audio-recorder; two ATV riders would scout, onenearby to
show firmness of thegroundand onefurther to anticipae theroute.

The chosen navigaion method assumes that GPS is not available; instead location
is determined by relating geographic features (hills, ravines, and pemanent snow
paches) to black and white aerial phobgraphs(Figures 1 and 2) tha were mosly taken
in 195859 from an atitude of about 9 km (30,000 ft). The spaial resolution (smallest
identifiable feature) in these phobgraphsis approximately 4 m (i.e., we can spotboulders
4 m across, but noneof the smaller ones unless they stand out aganst ther background
by abedo, in which case they could be as small as 2 m across). A topographic map was
available, butwas used primarily to plan theinitial route ontheaeria phobos

Thenavigaion process involved: 1) determining the humvee® location with respect
to aerial photographs(referred to as maps mogly managed by G), 2) learning aboutthe
local area (from the ATVs driving in front of the hunmvee, one nearby to indicate wet
areas, the other more distant to scout routes), 3) planning a route in the world by
integrating phob and local information with wha is visible from the humvee (B3
decision based on G@ advice), and 4) navigaing local obgacles with respect to the
chogen plan (BB task as driver).

The group of five departed late afternoonJuly 24. The discourse data and andysis
we present comes from the initia 2 hous of route finding; the outcome analysis
congders as well theinteractionswith the scouts.

The oberver sat between B and G in a makeshift seat. The entire trip was audio
recorded, ugng an mini-disc (MD) digital recorder. The microphonedangled beween B
and G (subject to some wind noise when windows were open). Theinitial route planning
and mog conveasations were video-recorded with a hand-hdd mini-digital video (DV)
recorder usng 90 minute tapes. Both the video and soundqudity are excellent. A digita
wide-angle camera was used to record the genera setup (Figure 1). Photographs and
video still frames were recorded periodicaly (Figure 2).

PROBLEM: WHY DIDNG THE GROUP REACH THE COAST?
As mentionel, the objective of the opeationd test was to learn about usng the

humvee for exploration. For this purpo<, the group chos the god of reaching the north
coast of Devon Island.
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Figure 1. Humvee cockpit with B on left, G onright, maps and aerial photosshared
in themiddle. (Photo: W. Clancey/NASA Haughton Mars Prgject)

Figure 2. B and G determinewherethey areand where they want to go.
(Photo: W. Clancey/NASA Haughton Mars Project)

Depature was delayed untl after 5 PM, with midnight as a hopdul target for
arrival. With the Arctic summer sun, it would remain light through the night and the
groupwas self-sufficient for foodand shdter, so stopping anywhere would be acceptable.
Theweather was mediocre, cloudywith cold winds and periodic light showers.

Two factors are mog salient in the outcome of thetraverse: First, an ingppropriate
route was chosen (after consderable ddiberation), which caused a mechanical failure tha
necessitated spending the night about 6 km (linear distance) from base camp. Second,
inaufficient time was available for the trip, necessitating the group to turn back at noon
the secondday, before reaching the objective.
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In this section we consde decisions made during prepaation tha affected the
traverse, recurrent issues tha arose during the trip, and hypoheses explaining the
outcome, which are examined subsequently in thedata andysis.

Preparation decisions

During planning discussionsat several meetingsprior to the hunmvee traverse, the
groupcarefully articulated thar individud objectives and condraints. These induded:

* research (gullies, genera exploration, experimenta scouting protocol)

» safety (ontraverse and affect of group® absence on rest of the camp)

* logistics (e,g., number of people who can deep indde hunvee)

« confort (e.g., dor@ride ATV in bad weather such along distance)

* maintenance (of hunveeand ATVS)

* othe camp activities (e.g., phone cals, other camp commitments, media

vigits, ongong communicationsexperiments)
* doaumentation (the scoutsinduded a cinematographe and writer)

The conenaus was tha all objectives had to be accommodéaed, perhaps through some
adjugment of externd condraints (e.g., rescheduling a media event). The weather
introdueed some uncertainty tha probadly contributed to the lack of a committed
depaturetime.

Recurrent issuesduringtrip

During thetrip, thegroupwas strongly focused onthetask at hand. Therecurrent
issues induded:

* Wheearewe?
Wha route should we follow?
Are obdacles ahead on the present pah (e.g., bouders, mud, steep hills)?
Where are the scouts and what are they doing?
How could the scouts be hd ping better?

Theseissues are represented formally in theandysis of the navigaion dia ogues.
Hypotheses. Possible causes for not reaching the coag

After conddeing the daa and experience in some detail, we suggest the
following possible causes influendng the outcome of thetrip. At this point, these are not
condusons but hypotheses tha analysis may suppott or refute. Three factors are posted
at thetoplevel: 1) Theterrain madethetrip impossible usng the humvee with tracks; 2)
The time available was inaufficient, given the terrain and the navigaion method; and 3)
The navgaton method was inadequae, given the terrain and travel time available. The
time and methodfactorsin turn have undelying, root causes to be consdered.
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Terrain inappropriate for track humvee: Mechanical failure was caused by
small rocks becoming caught in the humvee® tracks. These effects were
possibly undeestimated because earlier in the month the terrain was wetter
and mud was the primary concern. This hypothess clams tha regardless of
the location and route-finding practice used by the crew or time available,
usng tracks the humvee would not be able to make thistrip safely.

Insufficient time available for the trip: Depating at 5 PM alowed seven
hours to travel 20 km. The loggeal location after about one hour was 5 km
(linear distance) from camp, which is consstent with the plan. However,
induding the additiond distance traveled untl turn aroundon the second day,
thegroup covered about10km (linear) in five hous (2 km/hr). Consquently,
to reach the coast (20 km) might have required 10 hours. This hypohesis
clamstha given theterrain and navigation method, thetrip could notbedone
in theavailable time. Theroat causesindude

0 Miscalculation: The 74 km trip from the west coast two weeks earlier
required several days (with an approximate linear rate of 4.5 km/hr). An
assumption might have been made tha the northern route was better, as
the seasonal mud had dried and there were no riversto cross. Thus even
thoughthe same navigaion protocol would be used, it was tacitly assumed
tha travel would beat least asfast onthistrip.

o Highe priority goals: Other gods caused the group to leave late in the
day and required them to return by early afternoon the next day. These
concernsinduded lack of time for media visitors to meet with the humvee
group paticipants, ongong communications tests tha required the
hunmvee to be in camp, and an important incoming phone call (tha
necessitated being at base camp). Furthermore, spare parts for the humvee
arrived unexpectedly, and it was decided to use them for maintenance
prior to departure.

Navigation method was inadequate: This hypohesis clams tha assuming
tha theterrain afforded a safe route for the humvee uang tracks, the available
time would have been sufficient if thelocation and route-finding methodwere
improved. Thishypohesis has several interacting root causes:

o0 Aeial phobgraphs were inafficient for navigaton: The phobgraphs
(taken at 30,000feet) are difficult to relate to the visible terrain. Thus the
humvee was moving faster than the navigaor could track ther location,
necessitating frequent stops Also, the task might have been sufficiently
difficult tha it required the pilot® assistance. The navigator may have
been preoccupied by locating the humvee, unable to devote sufficient time
to route planning.
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0 Route needed to be plannal more globally: Local obgacles were leading
to a chan of long detours, which introduced uncertainty in the overal
route, making it difficult for thedistant scout to stay onthe humvee@ pah.

0o Souts didn® provide neaded local obdade and route information: For
example, they were not propely placed, nat communicating/coordinaing
with navigaor appropriately, misinterpreting terrain affects on humvee,
and were impaired by wesather.

How should the andysis proceed, given the interaction of these factors? One
could speculate tha if the humvee were using wheels indead of tracks, then the time
available and navigation method might have been sufficient. But regarding the terrain,
onecould also arguetha the west coast traverse demondrated tha the humvee can get
through Devon Isand@ terrain, so it remains of interest to know howto navigate better
with tracks. Althoughwe do not know wha difficulties lay between the stopping point
and the coadt, the recorded convesations suggest tha an alternative route could have
been foundto circumvent theterrain tha caused mechanical failure.

Regading the time available, the expediendes of the short summer season made
attempting the opeationd test more advantageous than canceling, even if the time was
short. One could arguetha 4-5 km/hr (linear) was a good estimate, and if a better route
had been found,would have been sufficient.

Thus athoughit is quite possible tha wheels or more time would have enabled
the group to reach the coast, our andysis of the data will be mos produdive if we focus
on the navigation method. To this end, subsequent sections provide an overview of the
daa, followed by andysis of the navigaion method and condusons

DATA OVERVIEW: TIMING AND TOPICS

Theaudio and video recordingsmade during the traverse provide the main source
of information for evaluaing hypotheses about the use of time and how decisions were
made As stated in the introdudion, a related scientific motivation in andyzing the
dialogue is to learn wha aspects of the task are difficult, thus causng ddays or
contributing to non-optimal decisons This section describes the basic anadysis method
and the broad facts and paternsit reveals.

The audio recordings of July 24 from 17:00 to 20:00 were transcribed usang a
spreadsheet. Columns record the start time of a passage the status of the vehicle
(moving, stoppel), the duration of the passage (computed usng Visud Basic macros),
and the transcribed text. The initial andysis determined tha between 17:20 (when the
group departed base camp) and 19:40 (when the mechanical problem developdl), the
humvee was stopped 20 times for an average duration of jug over 3 minutes (Table 1).
Perhaps surprisingly, during nearly hdf of traverse the hunvee was stoppel, and the
averagetime moving between stops was unde 4 minutes. Subsequent andysisis directed
at undestanding this patern and wha was hagppening during the pauses.

10
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Table 1: Comparison of movement and paused durations on leaving camp

EVENT COUNT TOTAL TIME AVERAGE
(h:mm) DURATION
(minutes)
Pause 20 1:03 3.15
Moving forward 20 1:17 3.85

To carry the andysis forward, three additional columns were added to the
spreadshest: Individud rows for each statement QopicO(a categorization of what is being
said), the person introdudng the topic (the pilot, designaed as B, or the navigaor, G),
and thetopic category. Fourgenea topics were identified:

* WORLD=>MAP: Identify current location or salient landscape feature on
aeria phoo

* MAP=>WORLD: Find sdlient aerial phot feature in landape

* ROUTE ON MAP: Determine general route in theaerial phoo

* ROUTE IN WORLD: Determinetarget heading and route in thelandscape

B and G engage in othe shaed activities, indicated by the topics WORLD and
PROCEDURAL in thetranscripts (note that B& remarks are always in parentheses):
¢ WORLD: Establishing a shared feature in the world, e.g., G: Do you see
where tha first snow bank is <pointing out right window> (B: which one?)
<< open window>> first oneto theleft <pointing> (B: right, the big thick
one?) yeah, (B: okay)O
* PROCEDURAL: Metatopics, eg., indicating an interest in stopping,
postioning the scouts for providing useful information, relating the planned
pah to the actud route.

Note tha the dialoguehas been segmented into groupsof utterances (sentences) that
are about a single topic, as defined above constituting the unit of andysis. Thus the
andysis of turn-taking concerns topic exchange with the person who introduces a topic
called the actor. Each topic is sometimes called a GtatementO here, thoughiit often
indudes several utterances (ranging from sentences to single words mos commonly,
QreshQ. Within each topic segment in the dialogue one can find a form of turn-taking
from oneutterance to the next, caled speaker exchange, which is not the concern of this
andysis. Althoughthe origind work on turmn-taking® examines paterns independent of
the topic, our interest is precisely the opposte, primarily focusng on topic relationsand
secondaily on correlationswith the speaker. In particular, we want to first undestand the
paterns of topic relationdhips (i.e., recurrent sequences) and then how the speakers take
turnswithin these sequences.

On reviewing the audio transcripts, it was determined that the numerousreferences
to QhisOand QhaO could not be undestood without examining the video recording.
Thus the entire transcript was reviewed and further annotated to indicate where B and G
were pointing. This andysis reveaed tha the dialoguebetween B and G concerning the

11
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aerial maps and route, which was the purpose of nine of the 19 stops could be classified
smply; the detailed andysis below focuses on their interaction during these nine stops
The remaining ten stops induded: onenear the beginning when a camera man swapped
places with G; three pauses to log information; one cal from base camp; and onerest
break (7 min.). In addition there are four interactionswith the scouts, induding 18 min.
of thefind 24 minutes.

Figure 3 shows the entire first day traverse graphically. Notice tha the stops
become much longe in thelast third. This is when the difficult terrain was encountered,
which we will examine subsquently. Other paterns to notice are the relatively long
movement periodsin the first two-thirds of the traverse, as well as nine stopsof oneor
two minutes.

AR —eee —eremseede. - verrmsrsrevere Poe B

Time

Figure 3. Duration of humvee stops during the traver se (black areasrepresent when
humveeisnot moving; narrow linesare 1 minute or less; stops separated by motion
for afew seconds are represented asone stop)

Table 2 summarizes the nine stops (29 min.) when B and G discuss their location
and route. Another location discussion tha occurred when the hunvee was not stoppel
(1756) isindudead (however, as B is driving during the 17:56 discussion, primarily G is
speaking and B does not make references to the map). Note that the noise in the hunvee
precluded nomal convesation and would explain the need to stop if joint decision
making were preferred or required by the task.

B and G each initiated five of the ten locationroute discussons During these
discussions B (pilot) starts by referring to theroute in theworld (ROUTE IN WORLD, 3
times) or the map location of the humvee (WORLD=>MAP, twice). G (navigaor)
mentionsthe relation of the map to the world (once), the route in the world (twice) and
map location (twice). Neither starts by referring to the route on the map (ROUTE ON
MAP) or how a feature on the map correspondsto theworld (MAP=>WORLD).

12
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Thefirst stop after leaving camp (17:50) involved a representationd coordinaion
tha never occurred agan, namely identifying in the aerial phobsfeatures and waypoints
tha were established when planning the route using the topogmphic map. This passage
serves as a good introdudion to the transcript andysis. Referring to Table 3, note for
example tha the statement Qve®e down hereOwhile pointing on the map is classified as
QVorld=>Map.OThe place labded Marine Peak on the topogiaphic map is related to the
aerial map, then fromthe aerial map is located in theworld ((ehind us). Four of the 11
identified topics in this passage are Oropo=>Map,Obut this topic does not occur during
any subsquent convasation on tha day. Indeed, we can identify four distinct phases
duningthetraverse:

1. 17:00-1750N Materials organization and route planning and navigaion
procedures.
2. 1750-17:54N Orientation of mapsand phobsto each other and theworld.
3. 1754-19:11N Navigding to the waypoints through theterrain.
4. 19:11-19:44N Coordinaing local route with scouts.
Thequantitative andysis of navigaion discourse consders only phase three.

Table 2. Summary of passageswhen B and G discussthe navigation, indicating start
time, duration, who initiated the discussion, the main topic in parentheses, and an
illustrative statement. Except for 17:56, B stopped the humvee at each point.

TIME DUR NAVIGATION MOTIVE

1750 1 G (Map=>World relation). (Eget a sense of the topogephy of these
thingsO(omitted fromquanttative analysis)

1754 B (Route in World): Qs there another entrance into tha valley?0

e

1756 B (route in world): QWhich side do you recommend, G, tha we go

down this sideE? O (Not stoppel, butinduded in analysis)

1800 | <1 |G (RouteinWorld): GEgo to therightthereEO

18:03 3 | G (location: World=>Map): Quus check where we are.O

1823 1 | B (location: World=>Map): QWe®e down here.O

18:28 1 | G (location: World=>Map): Q think this s this down here.O

18:39 1 | B (location: World=>Map): Of ou need to know exactly where we areO

1853 2 G (location: World=>Map): Qe should stop for a minute and figure
outwhere we areQ

1900 11 | B (location: Map=>World): (Does this make sense? Is tha the valley
down there?0

Table 4 provides a complete transcript of one of the longe stops illugrating a
typical interaction and how the conveasation is segmented. Notice that B and G take
turns speaking (speaker exchange i.e., B row isfollowed by a G row and vice versa), but
sometimes will speak about multiple topics during a turn (topic exchange i.e., a G row
follows a G row or a B row follows a B row). Procedural segments occur usualy at the
start or end of a discussion and are skipped over for purposes of andyzing the navigaion
process. Notice tha withoutthe gesture information it isimpossible to know wha B and
G are referring to, as the words Qhis,OQhat,0there,Oand QhereOare all used to refer to
both features in theworld and on the map.
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Table 3. A unique discussion relating topographic map to the aerial photos and
world features (17:50, duration 1 min). B(@ statements are in parentheses. Gestures
are indicated by bracketed references. Other statements are uttered by G. MAP
refers to an aerial photo; TOPO refers to a topographic map. Bold font indicates
the main topic of the segment of the dialogue appearing in a given row, classified by

Operation. Actor indicates who initiated this operation.

STATEMENTS ACTOR OPERATION
(Sorry say again)E Get a sense of topography on these
things. This is Marine Peak <pointing on map with G TOPO= > MAP
pencil> (right)
and we're just headingEl think down here <pointing ROUTE ON MAP
out front window, then onto map>... maybe not..
Marine Peak is behind usE MAP= > WORLD
(right, so these are the twoE <pointing on map>) TOPO= > MAP
(that's the Anderson Pass thing <pointing on map>) B TOPO= > MAP
yeah
(and we just came down on the back slope,) B ROUTE ON MAP
(spwhat we're seeing is this <pointing on map>E) | B WORLD= > MAP
think and...
(and so the yellow brick valley actually was before
Marine Peak < pointing on map>, quite a bit before. Oh B TOPO= > MAP
waitE)
(so,.ye.ah because see, we're down by here now B WORLD= > MAP
<pointing on map>) right
(sowe nged to head, that way < gesturing direction B ROUTE ON MAP
on map with pencil>) that way
(sowhy don't we go back up <pointing out front ROUTE IN
window with left hand>, over the ridge?) Just hang a B
right WORLD

Table 4. Navigation discussion between B and G during pause 18:03-18.06 (B&
utterancesarein parentheses); <gesturesareindicated by brackets>.

Just hang on a second there, BE just check where we are, |

think, this hill is this one over here? G | WORLD -> MAP
(yeah, this hill here is that dome) B | MAP -> WORLD
so we could just cut across | suppose (yes) if we carry on

this direction, we could have them scout to the right here G | ROUTE ON MAP
<pointing on map>

over there <gesturing outside> G | MAP -> WORLD

(But, we're supposed to make it to our waypoints,) okay
(but at the same timeE < G passes pencil to B, who takes
map and looks at it, and proposes a way to modify
waypoints>)

PROCEDURAL
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(Sowe're right here right now, correct.) We're a little bit
further on (really?) Yeah, | think we passed, that's the B | WORLD=> MAP
beginning of the valley, or at least up there. (yeah, okay)

And we're looking out that way <turning to front

windows G | MAP=>WORLD

(we got that thing there <looking on map>,) B | WORLD=> MAP

(this other hill <looks out left window> to the right) B | MAP=>WORLD

this material on the right here <looking out front window>
looks a lot better ... (yeah <holding point on map with
pencil>) and | think if we just carry on straight ahead G | ROUTE IN WORLD
(it's still not that way we want to go, it's that way <gesture
outside?>) Well, it depends how far you...

(because the map is oriented like this, G.. so we're here

<pointing on map>) right B | WORLD=> MAP

(you see, there'sthe big dome there <referring to
outside>, right?) yes (and there's a lower dome to B | WORLD
right of it?) correct.

(that thing <outside> isthat <on map>, right?) yeah,
yup.

B | WORLD=> MAP

Straight ahead? Well... drop down into that valley and...

< gesturing out front window> (so we need to go aroundE) G | ROUTE IN WORLD

(you see that valley <looking outside>?) Yeah (that we

see disappearing in the distance,) B | WORLD

(that's what we want to follow, right?) B | ROUTE IN WORLD
(isn't it that? <pointing on map>) hang on.. (it's this. it's

this here <pointing on map>) <looking out and back to B | WORLD=> MAP

map> yes, it's this bit here <pointing with pencil>

(yes, so that's the direction we want to go, right?

. B | ROUTE ON MAP
<gesturing on map>) yup (to get up there)

yes, | agree, so just straight down this hill <gesturing
out window with pencil> (Over thereE) towards that valley | G | ROUTE IN WORLD
<both looking out window>

(and could that possibly be even our high point over
there, in the great distance?) no, | think it's <referring to
visible hill> this closer one <looks on map> ... (no, <points
on map> the great distance.... you see over there
<looking out>, the great distance? Is that our 1500 or
11507 <looking on map> which is where we're headed <G
takes out another aerial map and aligns it on right with first
map> Could be couldn't it?) <points on new map and looks
out window> Which one are you looking at? <both look
outside> (the farthest point, the highest point you
see on the horizon <pointing with left finger>) yup
<looking at map> (that could be) that could well be (our
1155) so if we're looking over towards this way, it'd be over
to the right... might be (I think that makes sense, right?)

B | WORLD=> MAP

15




Clanceyetal.: Collaborative navigation while exploring unfamiliar terrain

Well, we're almost directly.. If we're looking down there
<gesturing out window>, you're looking down this
valley <gesturing on map> aren't you (right) this <on G | WORLD=> MAP
map> seems further to the right (well, we could be looking
down this <on map>)

(Anyway, we're headed down that way, is that

correct?) yeah, we're headed down that way < gesturing B | ROUTE IN WORLD
outside> .

Figure 4 shows how pointing on the aerial phot typicaly occurs, udng a finge
and/or thered pendl, (which is exchanged at various points). Often B or G would hold a
place fixed with a finge, while looking outside, then returning to the map to indicate a
correspondance. Sometimes B picks up a phob to examine more closely, allowing it to
be better illuminaed by thelight comingin his left window.

s
~s AR
S I

.y"“ -

Figure 4. At time 18:06 G says OYouQ@e looking down thisvalleyO(on right,
gesturing with finger and pencil; B on left). (Photo: W. Clancey/NASA Haughton
Mars Project)

The last long, 11 minute navigaion discussion a 19:00 (Table 5) reflects the
group® concern with the topogiaphy ahead and uncertainty of wha route to take. Near
the start of the discussion B and G are amost exclugvely relating the world and the map,

with a route mentioned near the end. Figure 5 shows the view and corresponding map
area of the Qhick benches of snowOthey use to confirm their location.
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Figure 5. Photograph of view out humvee window (left); three snow patchesin the
upper center are believed to correspond to those in the aeial photo (right),
indicated by G ashe says Olwould put them, really, they should be up here; thisis
them here.OPhoto is annotated with a waypoint (1055)and the initial rough route
plan. (Photos W. Clancey/NASA Haughton Mars Project)

Table 5. Navigation discussion between B and G during 19:01-03

(you see) going off to the left of this <gesturing on map>,

is this <gesturing outside> G | MAP=>WORLD

(do you see that it deepens? Steepens, the walls? <just
slightly looks out>) Yeah, | think it does, it's that down
there <returning from look out right window> on the right
(does it?) yeah (I can't see) yeah it does, yeah you can see
it <pointing with pencil, looking out right window>, it's deep
and that it, it's getting shallow. This is the shallow bit.

B | MAP=>WORLD

You see that snow bank? (yup) that thin strip of snow
<returns to point to map> (yeah) i think this <referring to | G | WORLD=> MAP
snow bank> may be down here <pointing on map>

(okay what about these, ah, <pointing with left hand out
window to right> these three, these thick snow benches
there, in that little tributary? <referring to what's visible
outside> where is that?) Is it this? <pointing on map>
Just running down into here...Isn't that <referring to
tributary> down there? <pointing on map>

B | WORLD=> MAP

(okay... and these guys? <on map>) these guys are up

here <referring to outside> (that's that?) yup, correct B | MAP=>WORLD

(the snow | mean, the thick benches of snow right across)
right across there? <referring to outside> uhm (E is it

that? <pointing on map>) | would put them, really, they B | WORLD=> MAP
should be up here <pointing on map>, this is them here.
(oh, yeah)

this river here <on map>, coming off, I'm pretty sure,

that's this here. <pointing out window> G | MAP=>WORLD
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We're sitting on top of here <on map>, | think up here.
(Really, up there?) no, uh, further forward | think (let's see,
let me see <takes the maps and examines in the bright left
light> E yeah, | agree.)

G | WORLD=> MAP

(But actually I think that these, these thick snow banks are
those, the thick ones we see, are here <pointing on
map>, G) uh hunh

B | WORLD=> MAP

(cause we're right there) <looks out right window>

B | WORLD=> MAP

(the thick snow banks are theseE <on map>)

B | WORLD=> MAP

(and this intersection <on map> is that <points with
pencil out front window>) down here <looking out right
window>. (oh, | see what you mean... yeah that

intersection is that, yeah, yes, you're right, you're right)

B | MAP=>WORLD

so those <snow banks on map> are them <the thick snow
banks outside> (okay)

G | WORLD=> MAP

so | think what we want to do is carry on down there
<referring to outside>, we'll be wanting to go in that
direction <looking out and down> (you want to head down
there?) right,

G | ROUTE IN WORLD

in fact that point <gesturing out front right>, in the
distance, may even be (our landmark, right?)

G | WORLD=> MAP

if you put that under here, we're actually not that far off
(no) that's there, that maps onto there <lining up the
maps>, so we're looking out, that way <gesturing
direction on map>

G | WORLD -> MAP

(if we follow this valley <on map>)

B | ROUTE ON MAP

and that dome in the distance <referring to what's outside>
(right) the top of that may very well be (right) our 1055

G | WORLD -> MAP

The identification of the snow banks is important for orienting the map. This
localization method is difficult because there are many snow banks and from a distance
they are flattened and appear similar. The method is aso amazing because it dgpendson
the pemanence and relative persistence of shgoes of the snow banks over four decades.
In fact, the areais generally snow-covered from September throughMay at least, so it is
no coinddence tha the phoios would be taken during the height of summer when the
modg features are visible, which is when this humvee traverse occurred.

The subsequent exchangeis very different, as the discussion shifts from locating
thehunmvee to planning aroute (Table 6). This sequence provides basic information about

how route decisonswere made (andyzed in the next section).

Table 6. Navigation discussion between B and G during 19:04-08

(so you see, by foIonvmg this vaI.Iey <gesturing on B ROUTE ON MAP
map>, we head straight towards it)

yeah, and the question is Whether we want to just G ROUTE ON MAP
uhm ... cut across there <referring to map>

Do you want to go to this waypoint? (to this G ROUTE ON MAP
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point? <pointing on map>) yeah. (well, to some
degree, do we need to?) no, | think we could follow
aridge through here <gesturing on map with
finger>

(alright... cause we need to connect with our path
here <pointing to thin line on right map>, right?)
yeah, that's correct (so why don't we even cut
across... straight that way?)

ROUTE ON MAP

well, it's looking pretty steep and horrible
<referring to outside>, | would tend to go more to

the left. | would avoid that valley down there SV%LQ—L%IN
(yeah, the lower banks have, have seem to be sort

of less rocky, you know?)

yeah, | would go towards, do you see where that

first snow bank is <pointing out right window>

(which one?) << open window> > first one to the WORLD
left <pointing> (right, the big thick one?) yeah,

(okay)

if we head down there <points outside throughout

this description>, and then turn up over the top, ROUTE IN
around the snow banks, not straight across but go WORLD

around (yup) and over the top,

| think if we carry on to the top, we'll connect up
with here <points on map> (we have to look out for
this valley here <pointing on map>, right>?)
correct

ROUTE ON MAP

(so since we're here <on map>, suggesting we go
up around those <on map>... actually we're
beyond this map, let's get rid of this, we're
completely on this map.... since we're here <on
map>, these are your, oh, no, these are your
things <referring to snowbanks>, right?) yeah

WORLD -> MAP

(so you're suggesting basically, we go down here
<gesturing direction on map>, up and around
these guys) yes and connect into here <looking on
map and then outside>

ROUTE ON MAP

if we can find a way down this pile of shart. It
looks pretty steep.... maybe one of these scouts
wants to find a route down... | think once we get to
the bottom there, it will be much easier to just go
up to the top around.. (you know, | suspect that
the other side is going to be exactly like this) the
other side of what (i mean) that (one of these
hills) | mean, we don't have a choice do we? |
mean, this is no better than this (no, | agree) we're
better cut the route shorter (...valley route that we
can take, an alternative, hold on one second) <<<
can hear wind, | ask for window to go up)>>>

ROUTE IN
WORLD

(<looking out right window> Yeah, that <on map>
is that <outside>, okay, I'm convinced)

MAP -> WORLD

we need to get down (right) into there

ROUTE IN
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WORLD

(right and what's behind <outside?> is that <on
map?>, okay... can even recoghize the snow B WORLD -> MAP
patches.)

(So being here <pointing on map> and wanting to
be there <on map>) yup. | think our first objective
isto get down into that valley and to get behind
those snow patches there <pointing on map>
(right right..to get there) once we get there... we
can stop again, well you can stop further, well, we
might stop before then, at least we want to stop B ROUTE ON MAP
there and figure out how to connect up with this
bit <referring to thin line on map beyond next
waypoint> (yup, very good) as soon as we do
that... we'll be...almost getting onto this
map...we're well on our way then (yup) heading
into...

At this point (immediately after GG last remark in Table 6), B says O/ery good,
let's GPS this place.. let's call it decision pointE ,Owhich G specifies, Gew ay point B.O

B then says, GDkay roboic scouts, we need to go across this valley and up the
other side and get around to those thick snow benches tha we see on our right, tha
series of big ones? And to get up and behind those.OB and the scouts then discuss further
how they should proceed. One comments that Gve@e redlly doing well...wed bethere by
midnightO

After a seven minute rest break, the distant scout tells the hunwvee driver, to
follow the ATV nearby, in front of the humvee. B comments, GDkay, follow <near scout,
S1>. Now, thisis a very important piece of informationE incredibly important.OG says,
QVha?0 The observer asks, o we bdieve it20 G responds, O¥es, it is, inaredibly
important. Thefuture of this vehicle rests on this correct decision.O

B tells G, GCall S1.0G radios (51, can you hear?0 Someone says, QAre we
following you, S170B asks, QVho am | following? S120G asks, (51, are we following
you?OB stopsthe engine and say, O'm going to have alook guysO The obsrver and G
then comment aboutdinner and the possibility of a breakdown; G says, Q hopethis thing
makes it there and backEw e've not realy come up with a contingency planE. OThe
observer says, Ohis is just sighty worse than the section where | said you wouldn't
drive on anything worse than this.OG says, Q think when the boulders get as large as the
tracks then you start to have a problemE. O

So it is clear at this point, 20 minutes before the mechanical problem, tha the
terrain is not good, and the scout® judgnent requires confirmation. During the next 15
minutes the scouts continueto look for a goodroute into the valley, while B goes out to
examine the situation. G and the observer discuss the limitations of robots and other
optionsfor finding routes. G shows how the aeria phot and terrain correspond (Figure
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5) and comments, Now if we were on Mars you could never tell tha@ a rough piece of
land. It& jug impossible to know... anothe terrace there.. Houdon, we have a
problem...O A few minutes later, B returns and G asks him, QVha do you reckon?O
Cshould be able to make it.OG says, OE go over thetop.OB replies, QVere going to go
other there, where it@® smooth.O Soon after some rocks became caughtin the hunveed
tracks and the groupwas stopped for the night

NAVIGATION DIALOGUE ANALYSIS

The navigation discussions were andyzed for paterns in how topics were related
sequentially and correlations between topics and the speaker. The overall impression one
has on reading the transcript is tha during navigdion discussions B, the driver, is
focusgng onthe map both to locate the humvee and gleam information aboutroutes, while
G isfocudng on the character of the landscape and finding a route in the world. Can we
show this quantitatively by andyzingthe structure of the convesations?

Table 7 shows every trangtion tha occurs and is the basis of subsequent tables and
figures tha represent paterns For example, the first two segments in Table 4 are
represented in Table 7 by GGBOin row labded World=>Map and the column labeed
Map=>World (i.e., the diaogue trangtions from G mentioning World=>Map to B
mentioning Map=>World). The entry @BG, 3BB, GB, 2GGO indicates tha the GB
relation only occurred onee in the dialogs however, the trandtion occurs seven other
times, induding three times when B mentioned World=>Map and immediately after
mentioned Map=>World.

Table 7. Sequential topic transitionsduring navigation discussions (Table 2). Cells
indicate speakers (e.g., B speaking about Map=>World wastwice followed by G
speaking about World=>Map; hence 2BG appearsin row 1, column 2). Bold font
indicates a dominant transition asdefined in the text.

TO MAP => WORLD => ROUTE ON ROUTE IN
FROM WORLD MAP MAP WORLD
MAP => 2BG,2BB BG 2BG
WORLD GB GB,2GG GG GB
WORLD => 2BG,3BB BG,3BB BG,5BB BG,BB
MAP GB,2GG 2GB,2GG 2GB,GG GB,3GG
ROUTE ON BG 2BG BG 3BG,BB
MAP 3GG GB, 2GG GB,GG GG
ROUTE IN 2BB BG
WORLD 2GB 3GB,GG 2GG GB,GG

The bold font in Table 7 designaes a domnart turn-taking transition. For this
purpose, BG and BB are viewed as a pair, and GB and GG are a par. For each par, we
want to know if one appears much more frequently (e.g., does GB appear much more
frequently than GG?). As defined here, for a trangtion (e.g., GB) to be dominant, its
patner mug bemissing (e.g., GG ismissingin last row, column 2) or theratio mug be at
least 3t0 1 (e.g., 3BG isdominant over BB in QRoute on Map To Route in WorldQ.
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Table 8 aggregates all 16 possible transitions as percentages (16 cells add to
100%9. The least frequent trangtion was for anyoneto follow a remark about how the
map related to the world by another remark of tha kind (1.4%), as Table 8 showed it
occurred only onae in the 74 topic trangtions In contrast, identifying a world feature in
the map (World=>Map) was much more frequently followed by the same kind of remark
(108%). Table 8 shows us tha each of the four combinaionsoccurred (BG, BB, GB,
GG), but B was somewha more likely to make two such observationsin sequence (BG
vs. 3BB). The mog common trangtion (12.2%), World=>Map followed by a remark
about the route on the map, is logical because attention has shifted to the map at this
point.

Table 9 counts how often the possible trandtions™® (BG, BB, GB, GG) occur by
summing across Table 7. The TOTAL row shows tha alternaion of the speakers was
fairly even, thoughG was somewha more likely to two location or navigaion remarksin
sequence (GG = 22/74). Mog obvioudy, B isfocused somewha more onthe aeria photo
(map), as 71% of his repeated remarks (BB) are World=>Map and 72% of his remarks
oveal (49% + 23%) focuson or into the map. In contrast, 59% of GG remarks focuson
the map. B appears to be Qhinking inOthe map, while G is more concerned (26%vs. 9%
for B) with aroute in theworld (hisrole as navigator). B focuses somewhat more than G
on identifying world features in the map (World=>Map, 49% vs. 36%). B appears more
concerned with locating the Humvee, while G bringsthetopic back to theroute.

Table 8. Percentageof transitions that occur from topic category designated in row
header to the category in the column (e.g., World=>Map followed by Route on Map
iIsmog common, 12.2%).

TO MAP=>  WORLD=> ROUTEON  ROUTEIN
FROM WORLD MAP MAP WORLD
WORLD => 108% 108% 122% 8.1%
ROMIEON 5.4% 6.8% 4.1% 6.8%
Worp  27% B1% e =

% We use the terms topic, segment, and utterance interchangesbly to refer to oneof the
classified sections of the transcript, i.e., arow in Tables 4, 5, or 6. A QrandtionQOis a
sequence of two topics and a spesker par, e.g., QRoute on Map -> World=>MapO
correspondsto thelast two rows of Table 5 and isdesignaed BG.
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Table 9. For a given starting topic, percentage (and number) of transitions of each
type (e.g., when B spoke about World=>Map, G spoke next 5 times [BG], and B
spoke next 12times [BB]). Total columnsindicate how often each person mentioned
a topic (e.g., B mentioned World=>Map 17 times = 49% of his 35 utterances) and
sum to 100%. Lag column totalsthe 74 classified segmentsin thetranscripts(i.e., 74
topics) with the totals shown (e.g., World=>Map occurs 31 times). In each row,
BG+BB = GB+GG = 100%.

SPEAKER SEQUENCE TOTAL
FROM TOPIC BG BB GB GG B G TOTAL

71% 29% 50% 50% | 20% 15% | 18%
G @ & | O 6 |13
29% 71% 43% 57% | 49% 36% | 42%
G @12 ® 6 | @) @4 | @G
88% 13% 22% 78% | 23% 23% | 23%
o O & O] 6 0 aa
33% 67% 60% 40% | 9% 26% | 18%
(1) (2 ® (4 | 3 (10 | (13)
18 17 17 22 | 35 39 | 100%
(74)

MAP => WORLD

WORLD => MAP

ROUTE ON MAP

ROUTE IN WORLD

TOTAL

To highlight dominant trangtions percentages in Table 9 are in bold font when
the speaker@ frequency of mentioning tha topic is >=20% (e.g., B utters Map=>World 7
times = 20% of his 35 utterances) and the frequency for the sequence is >=60% Thus
BG is highlighted for Map=>World, showing tha in this event (i.e.,, when B utters
Map=>World), G is much more likely to spesk next. Similarly, when B utters
World=>Map, he is much more likely to spesk agan. In contrast, when either B or G
mention QRoute on Map,0G speaks next. Findly, when G mentionsQRoute in World,OB
peaks next.

Table 10 aggregaes Table 7 trandtions according to topic (each row adds to
100%. For example, Map=>World mog often (54%) trangtionsto (i.e., is followed by)
World=>Map andrelatively infrequently trangtions to itself (8%).

Table 11 shows focus shifts aggregated over all topic segments. For this purpose,
the focus of QRoute in WorldOand Map=>WorldOis World, and the focus of (Route on
MapOand OWorld=>MapOis Map. Thusthe transition from Map=>World to Route on
Map is classified as From World to Map.OThetable reveals tha 65% of the topics were
focudng in the map (sum of MAP row) and 35% were focusng on theworld. Referring
to Table 9 TOTAL column, we obsrve tha 60% of remarks concerned locating the
humvee (World! Map), while 40% concerned theroute.
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Table 10. Percentage of transitions that occur within a category, combining
gpeakers (each row adds to 100%). For example, Map=>World transitions to
World=>Map with frequency of 54%.

TO| MAP=> WORLD=> | ROUTEON | ROUTE IN
FROM WORLD MAP MAP WORLD
")”v’(‘)';f; 8% 54% 15% 23%
WORLD => 26% 26% 29% 19%
RO:\JAEON 24% 29% 18% 29%
R ORLD. 15% 46% 23% 15%

Table 11. Frequency of focus shifts, independent of speaker (total = 100%y).

TO WORLD MAP
FROM

WORLD 11% 24%

MAP 31% 34%

Many high frequency paterns can be found but to narrow the andyss, we list the

invariants and missing events (Table 12).

Table 12. Invariant turn-taking patterns and possible inter pretations (cf. Table 7)

Turn-Taking Pattern

Interpretation/Restatement

When Map=>World and Route in World
are mentional in either order, the speskers
aternae turns

When Map=>World and Route on Map are
mentiondl in either order, G isawaysthe
second speaker.

Only G mentionsRoute on Map
sequentially.

3GG butnotBB: Route On Map B
Map=>World

2GG butnotBB:

Route On Map BWorld=>Map

After B mentionsRoute onMap, if he
speaks agan (20%) heonly mentions
Route in World.

Focusng on the world, the speskers take
turnsrelating map features and articulating
theroute.

G aone moves the topic beween a map
route and identifying a map feature in the
world.

B never follows his map route by another
map route remark.

B never follows his map route by a
world! map relation.

B@ remarks about the map route are often
posd as questions which G answvers by
identifying map features or continuing
with themap route.
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3BG butnot GB: Route on Map BRoutein
World

After B focuses on the world, and the
world is the next focus, G is aways
speaking.

2GG butnot BB: Route In World BRoute
On Map

2GB butnotBG: Routein World B
Map=>World

3GB butnotBG: Routein World B
World=>Map

After B mentions Map=>World or Route
in World, nether mention tha topic next.
After B mentions Route in World, nather
mention Map=>World next.

After B or G focuses in the world, only G
mentionsRoute on Map next.

B never follows G@ map route by a world
route.

B never makes two sequential references
to the world. He ingead returns focus to
themap when he spesks again.

B never follows his world route by a map
route.

G never follows B@ world route by a
world! map relation.

After B focuses in the world, they ether
focus on the map or shift beween route
and feature.

In bringing focus back to the map, G
aways sates the route, not feature

relations

Regading the overall turn-taking, the overall dialogue has about as many BG
trangtions(18, Table 9) as GB (17). Thus G is somewha more likely to speak (40/74 =
54%) because he speaks more often in sequence (22 vs. 17). This may occur because B is
asking G questions(see Table 5).

Also, G is more actively shifting the topic between the map and the world: After G
focuses onthemap and theworld isthenext focus G is speaking agan (9/11=82%). The
inverseis nottrueN after B focuses on the map and thetopic shifts to theworld, heisless
frequently the speaker (5/12 = 42%)).

Regarding topic, after any statement focusng in theworld (Map=>World or Route in
World), the next statement is more frequently (18/26=69%) focused in the map. (But the
convase is not true after focusng on the map, the next focusis split, 23 vs. 25). In
paticular, after B focusesin theworld, the next focusis amos always on the map (8/10
=80% for G therelationisonly 50-50).

Figure 6 shows the domnant trangtions of topic and spesker. A focus in the
world (left side of diagram, Map=>World or Route in World) mog often leadsto either
speaker identifying a world feature on the map (World=>Map, Table 10; also 50% of
next topic, 1326 trangtiong, which is overall themos common utterance (Table 9, 42%)
and conditutes nearly haf of B& utterances (Table 9, column B, 49%). This is followed
somewha mog often by Route on Map (Table 10,29%), uttered by B (Figure 6, caption),
followed by areturn to World=>Map (29%)N and whatever is said, it is mog often stated
by G (Table 9, columns BG + GG = 14/17 = 82%). Notice also tha World=>Map is
repested more than twice as often as any other topic (10.8% of all trangtions Table 8,
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diagond) and mog of the time by sequential utterances (Table 9, BB + GG =20/31 =
66%0).

To determinethe significance of the data, a Davison-Hinkley Chi-Squae test was
performed for each table™. The significance levels (Table 13) indicate tha only the data
in Table 11 daa (topic shifts) are likely to be true (i.e., not dueto chance; significance
level is less than .05). As is common in convesation andysis of unique situaions, 1.5
hours of daa are not sufficient to establish statistical significance of the paterns that
appear to be meaningful.

26%
62% B
or GG)
54%
Map -> World —)( World -> Map
26%
24% 46%
(100% G) 29% |29%
(80% |(78%
G) B)
Route in World A} Route on Map
(sum 92% G)
-
29%

Figure 6. Strong correlations in topic trangtions. Percentages along arrows are
from Table 10 (54% of the Map->World remarks transition to World->Map vs.
46% of the Route in World remarks). (Percents in parentheses designate dominant
speaker for that transtion, from Table 9. E.g., B is dominant in transitions from
World=>Map to the Route on Map (9 transitions = [2GB + 5BB => 7/9 = 78%] +
[BG + GG = 12%)]).

Table 13. Statistical analysis of primary data tables. Chi-Square and Significance
Level are based on Davison-Hinkley method applied to one copy of the data.
Strength indicates how many times the data would need to be replicated for
significance level <= .05.

Sig
Table Chi-Square Level Strength
7 6423 043 2
8 1919 0.59 2
9 1453 0.69 3
11 7.88 0.001 1

** Cdculations usng Davison-Hinkley method are based on Example 4.22, pp. 177 ff,
and Algorithm 9.1 (bdanced bootstrap) pp.439ff and Problem 2, p. 488
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However, wha if the same data were obsrved agan? Using the (bootstrap
method G’ we calculate the GtrengthOnumber (i.e., how many copies of the daa, the
sequence of 74 topic trandtions tha would be required to reach a significant level). We
assume tha the andysis should be discounied when this nunbe is five or more. One
(jug theorigind data) means significant, and two meansthe data would be significant if
we observed a seconddata set like thefirst. This method indicates tha thedaa in Table
9, which attemptsto locate speaker-specific paterns is morelikely to be dueto chance.

The paternsaside, onecan consder thelogic of the varioustrangtions The shift
between Map=>World to World=>Map is a natural back and forth process of looking for
amap feature in the world and trying to identify aworld feature in the map. Locating the
humvee in the map (World=>Map) is a requirement for establishing a route on the map,
which then naurally needsto be foundin the world (Route in World). Indeed, locating
the humvee in the map and establishing a route in the world are the only two
requirements of the navigation task (accounting for all of the navigaion stopsexcept the
first orientation, Table 2), with relating map and world features only beng a means to
theseends Of these, relating theworld to themap (what istha?) proceedsfromavisible
feature (e.g., avalley, dome, or snow bank), which serves a kind of cluefor locating the
humvee. In contrast, relating a feature on the map to the world is a kind of academic
exercise, and it is striking that, except for thewaypoints, the features identified at first on
the topogmphic map were completely ignored later. Thus34% of all statements relate
world to map, more than twice as many as Map=>World.

Of al the topic relations the trangtion from Route in World to Map=>World is
perhaps least logical, because it implies a shift from talking about the landsape to
relating a feature in the map to the landape This explains why speaker exchange
occurs when focusgng on the world (i.e., while one speaker looksat the world, the other
uses the oppotunity to mention a map feature previoudy hdd in mind or perhgos unde
his finge). Neither B nor G mention Route in World and Map=>World in sequence (i.e.,
GG and BB are missing in these two cells in Table 9). The only other sequence of topics
tha G omitsisrepeating Map=>World.

Notice tha many more issues might have been consdered in this andyss, such as
the propottion of questions to assertions the exchange of the pendl, the methods of
establishing a common focus in the world or on the map, and the coordinaion with the
scouts.

EVALUATION OF OUTCOME HYPOTHESES
Here we abdract from the data to characterize the navigaion dialogues more
broadly and evaluae the navigaionrelated hypoheses stated earlier. We begin by

congdering some basic questionsaboutthe navigaion process:

* What pecentage and amount of time was devoted to locating the hunmvee?
60% of the utterances concern the location of the humvee (World! Map
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relationg, accouning for roughly 18 min (.6 x 29 min, Table 2) or > 25% of
thepaused time (Table 1).

*  Were the calls to stop to locate the humvee or to choo® the route? Thelast
six of thenine stops occurring during thelast hour, were to locate the humvee
(eg., a 1839, B says, G5, you need to know exactly whee we areE
sometimes we need to stop for maybe 5 minutesEO), which provided
information required for route finding.

* Howwere decisonsmadeaboutlocation androute? B and G each called for
alocation stop and map check three times during thelast hour. B appears to be
assisting by locating the humvee in the map (World=>Map); G connects the
projected map route to the world. B contributonsto the navigation are a
subget of GG, fitting G@ role as navigator and B& driving responsbility.

* Howdothey work? Whoinitiates what? B worries more aboutlocationand G
worries more about route. Accordingly, each becomes more engaged (more
likely to speak agan), after their primary interest is mentioned.

* Arethey explaining andjudifying individual condusonsor solving problems
togdaher? During the two hours andyzed here, G is able to look at the maps
and relate them to the world during the hour tha B is driving the vehicle, so
he naurally has more observationsand thoughs to convey abouttheroute and
world-map relationdhipsB amos aways presents location relations and
routes as questions thus prompting G (this discourse péatern is caled
mitigation'®), the navigator, to make assertions (For example, when G says,
QWha we need to dois jug pick out aroute,OB replies, oes it make us go
over this high point, or? no).

* Areall of the questionsand statements necessary for thetak? Thedialogueis
shaply focused on location and navigation, except for theinterludebefore the
find stop, outlined earlier, when theuncertain route raised broader issues.

* Who stated theroute first? Of 30 route remarks, B states 11 and G states 19.

* Could decisonshawe been madewithoutstopping? Appaently not The stops
indicate tha the humvee is moving too fast (< 10 km/hr!) for the navigaor to
follow the location on the map. Thus if they didn® stop they would become
log. Also, the engine noise made it difficult to talk, and clearly the pilot
contributes to identifying thelocation on the map (his primary focus).

* Does the navigator require hdp or jud prefer to do the job togehe? The
navigator needs some kind of assistance, but stopping was dueto loang track
of the current location on themap, not because of needing the pilot@ hdp.

*  Were the scouts hdping? The scouts role was to assist in route finding, but
ther pahs complicated the location problem as they chos paths amenable to
ridingonan ATV.

At this point, we can directly address the hypotheses stated earlier about navigation-
related problems tha prevented the humvee crew from reaching the coast:
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Figure7.G (middle) relates hismap understading toth

Aerial phobgraphswere insufficient for navigation: Evidently trueN locating
thehumvee caused significant overhead, induding forced stops and distracted
the navigaor from working with the scouts to plan routes.

Route needed to be planneal more globaly: TrueN local obgacles for the
scouts were leading to unplannad detours, which introduceed uncertainty in the
oveall route and made continuousreplanning necessary. 45 min were spent
finding a local route into a valley, which then caused a mechanica failure.
Such terrain mug be detected and avoided well in advance (preferably before
thetrip leaves base camp).

Swouts didn®provide nesded local obgade and route information: TrueN the
crew learned tha a rodky hillside affects an ATV and a humvee on tracks
differently. The ATVs could not move sufficiently quickly to try different
routes in advance of the hunvee; the drivers were also impared by rain and
inadequae communications The navigaor was too bugy locating the humvee
to direct the scouts more appropriately. The scouts were not benefiting from
the aerial phobs at al; thar lack of shared orientation is evident when they
cometogeher to talk (Figure 7).

e scoutsOconflicting sense
of direction. (Photo: W. Clancey/NASA Haughton Mars Project)

CONCLUSIONS

The humvee traverse to the north coast of Devon Idand provided an excellent
authentic, yet experimental setting for studying how people navigae in unfamiliar terrain.
The daa shnow many intriguing paterns, which suggest tha the pilot was interested to use
the map (aerial phob) for locating the humvee and finding a route, while the co-pilot®
interest reflected his role of finding a route in the world. The study relates to previous
work tha shows the insparability of gesture and speech in such dialogs as well as the
regularity of convesationd turn-taking. The paterns revealed here could be applied
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directly for condructing a computer system tha could use other sources of information
(such as GPS and othe mapsg) to nauraly contribute to the human dialogue in the
manna of CapCom. More work is required to separate individud preferences in this
particular crew from more genegaly shared paterns of narrative and reasoning (e.g., wha
would hgppen if B and G swapped roles?).

The experiment demondrated clearly the importance of having sufficient tools to
locate the vehicle and to plan routes globdly, avoiding terrain tha will imperil the
vehicle and its crew or cause long detours. Automatically locating the hunmvee on a map
shared by the scouts would allow the navigaor to spend more time looking ahead to plan
routes and get relevant information from the scouts (e.g., by having them test paticular
pahs).

GPS would solve thelocation problem, but of course could notin itself generate a
route plan. Some othea methodmug beinvented to find aroute in advance, with robots or
scout vehicles, perhgosudng satellite or aeria phaosto deect problematic terrain. Note
tha as the mechanical problem revealed, the issue is not merely finding a sufficiently
level path, but identifying surfaces tha are difficult or risky for the vehicle beng used
(e.g., consde how Oppottunity was stuck on Meridiani Planum for a month in 2005)
Impassable routes might be color-coded or shaded, jus as Mars Exploration Rover
plannas marked out hillside areas where the sun@® angle would prevent the solar cells
from sufficiently recharging the bateries.

The plannal route might be supaimposed on aerial and/or topogiaphic maps and
depicted as 3-d fly-throughvisudizations The need to stop periodically to reflect on the
qudity of the route is certainly not precluded, and might be combined with rock and
minea sampling, deploying ingruments, or resting. The difficulty of relating aerial and
local perspectives is obviousin the navigaion dialogues, and was mentioned by Cernan
in hisjoumd aboutApollo 17:

When| wasnea Nansen | warntedto be sure in my mind what wasto the north and
what wasbackto the ead, evenif | couldn't seevery farin those directions from the
ground. | wartedto have a feel for wherel was not from a navigation point of view
but from a geographic point of view. And then | warted to undergand the
topography, which you carit fully appreciate until you literaly get down to the
surface From orbit, Tracys Rock (at Station 6) doea't meananything; but, whenyou
get down in there,you canappreciate the slopesand the sizesof the bouldersard the
craers

Following the Apollo CapCom modd, rather than limiting convesationsback to
base camp by design, why notrely on someonethere to hdp the crew? An aeria bdloon
or high-resolution satellite images might have been used by an assistant back at camp or
even on Earth, comparing with phots sent back from the humvee to confirm and replan
routes.

The difficulty of communicating with the scouts demondrates tha consderable
thoughtmud be devoted to designing robots tha would perform a similar task. Firgt,
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teleopeaation from the vehicle would require at least a third crew member, which is
plausble. A good follow-up experiment might involve having a third person in the
humvee mediate the work of the scouts by continuouscommunication with them on a
voice loop. The scout interactions shows tha their actions mug be more restricted to
certain kinds of actionsand follow defined protocols, to provide useful information for
design of roboic scouts. This in turn requires consdering more carefully wha kind of
information is desired and how it should be conveyed. For example, the distant scout
might be tasked with only confirming a globdly plannead route, whose pah would be
visible on a display to the crew and known by the scout (whether aperson or roboy.

How might a computer agent have hdped the crew? Notice tha the navigaor and
pilot are coordinaing theroutes of the two scouts, the proximal pah of the humvee, and
theglobd route of the humvee. Add to thiswork the need perhgpsto periodically manage
the humvee@® trangport and life-suppott systems, and to intervene to teleopeaate a stuck
robot (18:46N QUh oh, our robots brokenE how you doing <S1>?). Aside from basic
location tracking and automating reports back to the suppot crew at base camp, an agent
might providing basic caution and warning to the vehicle crew about systems and the
state of the robos. In designing such agents, the present experiment shows the value of
well-defined protocols, even in such rea-life situations so paticular methods can be
tested. In this respect, the opeaationd test was a success, as the experiment established
tha the navigaion method was inadequéae for the task: In such terrain with such a
vehicle, efficient, reliable navigdion requires an automated postioning system and
deailed planning on mapswith better than 1 m resolution.

As we bdieve the experiment and andysis shows, we are ready to go back to
Devon Idand and try agan with different equipment and new procedures. Surely thisis
the advantage of an andog site in prepaing for plangary expeditions The chanceto try
andtry agan, so when we goto Mars, we will know what to build and howto prepare.
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