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Abstra
t Roboti
 re
onnaissan
e and sear
h and res
ue are daunting tasks, espe-
ially in unknown and dynami
 environments. The S
out is a roboti
platform that is robust and 
exible to operate in adverse and 
hang-ing situations without revealing itself or disturbing the environment.The S
out 
an 
omplete these missions by utilizing its small form fa
-tor for e�e
tive deployment, pla
ement, and 
on
ealment while beingequipped with a variety of sensors to a

ommodate di�erent obje
tives.Unfortunately, the S
out has a limited volume to share among power,lo
omotion, sensors, and 
ommuni
ations. Several novel approa
hesaddressing de�
ien
ies in spe
i�
 tasks have been implemented in spe-
ialized S
outs and will be dis
ussed in this paper. By building a diverseteam of spe
ialized S
outs, the team's strengths outweigh an individualweakness.
1. Introdu
tionA robot platform that is designed for 
overt surveillan
e and re
on-naissan
e will en
ounter a variety of obsta
les in whi
h a single robot orsingle type of robot may not be able to a

omplish the obje
tive of themission within the parameters of the mission. These obsta
les 
an takethe form of limited passageways, non-traversable surfa
es, limitations intime to 
omplete a task, or operating in adverse or dynami
 environ-ments. Larger robots, whi
h may be able to adapt to other situations
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and 
arry large payloads, are unable to easily 
on
eal themselves in manyenvironments nor is it possible for them to traverse small passageways.One method of dealing with these is to develop a team of spe
ializedsmall s
ale robots that 
an distribute a task rather than relying on asingle larger robot.Unfortunately, as the robots are made smaller, there is less roomon-board to a

ommodate di�erent environments or additional sensors.The S
out robot, developed at the University of Minnesota's Center forDistributed Roboti
s has been designed so that a team of spe
ializedS
outs 
an work together to a

omplish the tasks of semi-autonomoussurveillan
e, re
onnaissan
e, or sear
h and res
ue. This paper presents are
onnaissan
e s
enario that utilizes the strengths of the members of theteam to a

omplish what no single member of the team would be ableto. The spe
ializations of the team involve 
hanging both the lo
omotionmethods of the S
out as well as the addition or repla
ement of hardwareto improve the sensor 
apabilities of the S
out. This is followed by alook at some related work and �nishes with a look at what 
an be doneto further improve the S
out.2. A Sample Re
onnaissan
e MissionThe S
out robot was initially designed to be laun
hed into a build-ing to perform re
onnaissan
e so that approa
hing individuals will knowwhether the building was o

upied or 
ould be 
onsidered safe. This ob-je
tive expanded into a re
onnaissan
e task whi
h 
onsisted of sear
hinga 
ollapsed or damaged building to �nd survivors rather than risk thelives of human res
uers or res
ue dogs.The traditional S
out robot, 
urrently in its se
ond generation is asmall two-wheeled 
ylindri
al robot, 40 mm in diameter and 110 mm inlength. Shown in Figure 1, the S
out is 
apable of moving on relativelyeven surfa
es on its wheels at approximately 0.31 m/s or hopping overobsta
les through the use of its spring foot. The general S
out platform
ontains a variety of sensors in
luding a bla
k and white video 
amera,a

elerometers, tiltometers, and wheel en
oders. For more informationon the general S
out platform, one may see Hougen et al., 2000.The general S
out fares well in sear
h and res
ue s
enarios in whi
hthere are few obsta
les and relatively even terrain su
h as an oÆ
e build-ing that may not have mu
h stru
tural damage. However, the low ground
learan
e of the S
out, approximately 3.2 mm, results in diÆ
ulty when
rossing 
ommon oÆ
e obje
ts whi
h may be on the 
oor su
h as 
ordsor even pens and pen
ils. In situations in whi
h the S
out is inhibited
2
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Figure 1. The S
out robot shown next to a CD for s
ale.
from forward rolling movement, the use of the spring foot enables it tohop in an ar
 over obsta
les approximately 22 
m in height.2.1 Debris Covered Surfa
esThe typi
al S
out traverses 
at surfa
es and 
an over
ome some smallamounts of debris through its hopping me
hanisms. However, a surfa
ethat is 
overed with debris 
an stop a traditional S
out in its tra
ks. TheA
tuating Wheel S
out has the 
apability of re-sizing the diameter ofits wheels dynami
ally in the �eld whi
h allow it to in
rease the ground
learan
e from the approximate 3.2 mm of the normal S
out to approx-imately 41.3 mm. This additional ground 
learan
e allows the S
out toeasily traverse mu
h larger obsta
les as seen in Figure 2. The improvedground 
learan
e redu
es the average speed when the wheels are at theirlargest diameter on smooth terrain to .2 m/s from the general S
out's.31 m/s to keep the torque of the smaller wheels.There were several design 
riteria to be met by the a
tuated wheelsystem. The 
ylindri
al form fa
tor had to be maintained and the smallsize of the S
out required that no additional motors be added to dire
tlypower the a
tuation. The wheels needed to expand to at least twi
ethe retra
ted size allowing for improved ground 
learan
e. The wheelshad to dynami
ally adjust to their environment, whi
h is not possiblewith simple spring for
e. Finally, the wheel system needed to be aslightweight as possible yet still retain the strength needed to operate inadverse environments.Of the possible designs, the 
urrent design has proven to 
losely mat
hthe spe
i�
ations. The design involves the novel appli
ation of a lat
hing



4solenoid to sele
tively 
ouple the 
enter wheel shaft to the body of theS
out. The inner side of the wheel is dire
tly atta
hed to the drive gearas well as having a bearing over the 
enter shaft. The other side of thewheel is on a thread that runs along the 
enter shaft. Thus, the drivemotor is used to power the linear a
tuator in the wheel whenever thesolenoid is engaged.

Figure 2. The A
tuating WheelS
out 
rawling over debris. Figure 3. The Grappling HookS
out 
arries a spring-loaded grapplinghook that it 
an use to 
limb large ob-sta
les.
2.2 Large Obsta
le NavigationWhen sear
hing for survivors, rolling and hopping provide ex
ellentforms of lo
omotion, but there are times when being so low to the groundlimits what the S
out 
an see, espe
ially when dealing with large obsta-
les su
h as desks, toppled �le 
abinets, or large debris. Rather thantaking the time to drive around these large obsta
les, the possible use ofthem as a vantage point for further investigation makes them extremelyattra
tive. Unfortunately, the task of surmounting large obsta
les is notsomething that a general S
out or one with a
tuating wheels is 
apableof, thus the need for the grappling hook S
out.The grappling hook S
out, shown in Figure 3 is designed to providean alternative method for 
rossing diÆ
ult terrain. With the grapplinghook, a S
out 
an elevate itself onto a table, 
hair, bookshelf, or by usingany other large obje
t as an an
horing point. From its new vantage point,the S
out gains an improved range of vision and the possibility for amore 
on
ealed vantage point. Improved height also helps to redu
e thee�e
ts of ground signal propagation and results in longer transmission
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es. For further ba
kground on the grappling hook, one 
an seeDrenner et al., 2002.2.3 Aerial Re
onnaissan
eThrough the use of the a
tuating wheels and grappling hook, theS
out has a wide range of terrain that it 
an su

essfully 
ondu
t re
on-naissan
e in. However, there are still areas whi
h 
an not be over
omethrough rolling or 
limbing. In these situations, the appli
ation of aS
out 
ontrolled blimp o�ers the advantages of being able to 
ontrol
ight through an area with many large obsta
les, an improved \bird'seye view" vantage point, and possible platform payloads su
h as addi-tional lighting for darkened areas.The blimp, shown in Figure 4 is 
ontrolled through an interfa
e to theS
out. The S
out is 
apable of turning on and o� as well as reversingthe dire
tion of a total of three fans. Two forward fa
ing fans are usedfor going forward, reversing, and 
hanging dire
tion while a third fan isused to 
ontrol lift. The blimp 
an be 
ontrolled to navigate 
orridorsor stairwells, or hover in a stationary position for observation.There are tradeo�s for using the blimp. The volume of the blimpis dependent upon the weight of the S
out and any other additionalpayloads that it may 
arry. The weight of a S
out and basi
 fans for
ontrol 
alls for a blimp with a volume of .4 m3 of helium. This inturn requires that there is a minimum amount of 
learan
e for the blimpS
out to pass through an area whi
h determines whether it 
an make itthrough doors and around 
orners.

Figure 4. A S
out-
ontrolled blimp.The fans that 
ontrol the blimp's mo-tion are a
tuated instead of the S
out'sown wheels.
Figure 5. The IR S
out is equppedwith infra-red emitting LEDs whi
h al-low the S
out's 
amera to be used in
omplete darkness.



62.4 Low Light OperationIn terms of re
onnaissan
e for survivors, a key aspe
t for 
ompletingsu
h a mission is to be able to fun
tion in situations where lighting maybe less than ideal. In damaged buildings there may be rooms where thereare no lights, or there may be situations where the site is too remote forimmediate repair of ele
tri
al lines.While originally intended as a method of supplying light while 
on-
ealing the presen
e of the S
out in surveillan
e or other types of re
on-naissan
e roles, an attempt to address low light operation requirementshas been to add a pair of infrared (IR) emitters, ea
h 
onsisting of 36 IRdiodes and a supplemental external battery pa
k to a S
out as shown inFigure 5. The extra battery pa
k requires that stronger, larger wheelsrepla
e the standard foam ones in addition to the gearing down of thedrive motors. The standard bla
k and white 
amera on the S
out is
apable of using this additional illumination to navigate in low lightareas.A series of tests 
ondu
ted using the autonomous behaviors in thesoftware 
ontrol ar
hite
ture ( Rybski et al., 2001) have shown that the
amera 
urrently in the S
out 
an be used to identify features with a 2 mradius. An additional bene�t is that these IR emitters make it possiblefor other robots to observe the area of interest as well, thus only a smallsegment of the team will require this enhan
ement to fa
ilitate low orno light operation.2.5 Human Identi�
ationOn
e a robot is in an area where there may be survivors, there are nu-merous ways to dete
t whether someone is there or not. Audio 
ues fromsurvivors shouting from help or visual signs of motion 
an indi
ate thata survivor is near. However, when a survivor is kno
ked un
ons
ious,these signs are not as readily available.To improve the 
han
es of �nding survivors in these situations, 
ertainS
outs have had been equipped with a 
olor 
amera whi
h repla
es theirstandard bla
k and white 
amera. The 
olor 
ameras allow for video tobe sent ba
k and analyzed for skin tones whi
h may identify potentialsurvivors.While the 
olor 
amera is not that sensitive to the additional illumi-nation o�ered from the IR emitters of the IR S
out, the newer 
ameras
an operate with a lower amount of illumination than the unaided bla
kand white ones. The new 
olor 
ameras also o�er improved resolution.The new 
ameras do have one drawba
k though, in that they 
onsumemore power than their prede
essors.



Design of the UMN Multi-Robot System 73. Related WorkSmall s
ale robots fa
e an imposing world whi
h require them to tra-verse hostile environments, adapt to dynami
 situations, and intera
twith their environments to 
omplete a variety of tasks. Combining the
apabilities to 
omplete these tasks within the 
onstraints of the smallform fa
tor results in some rather remarkable roboti
 platforms.Small robots often fa
e a more diÆ
ult task when traversing hostileenvironments. Numerous forms of lo
omotion have been developed forsmall platforms, among them using a single gyros
opi
ally stabilizedwheel ( Brown and Xu, 1997) for rolling, hopping systems for mobilityin rough terrain ( Hale et al., 2000), and self-re
on�guring robots su
has Polybot ( Yim et al., 2000) whi
h is 
apable of re
on�guring itself tomove like a snake, walk as a hexapod, or roll like a wheel.Small s
ale autonomous 
ight is an interesting form of lo
omotionthat has a very useful future. There are numerous larger �xed-wingunmanned aerial vehi
les, but few have the ability to navigate indoorsand none seem to be as adaptable as the Entomopter ( Mi
helson andRee
e, 1998). The Entomopter's inse
t like 
ight is suitable for 
ightnot only in military re
onnaissan
e roles, but also allows operation inthinner atmospheres making it ideal for Martian exploration.Sensing the environment is very important for robots of any s
ale. Interms of urban sear
h and res
ue ( Murphy et al., 2000), some of themost important sensors are those related to identifying vi
tims su
h asthermal 
ameras and sensitive mi
rophones. Sensors 
an also monitor forgas leaks or aftersho
k vibrations whi
h 
an aid in the safety of res
uers.Several proje
ts have been fo
used on pa
king as many sensors intothe smallest pa
kage possible to 
omplete a mission. The Millibots( Bererton et al., 2000) are an example where small s
ale robots are
ombined with re
on�gurable sensor pa
kages. The mapping and surveil-lan
e 
apabilities of the Millibots are enhan
ed through the use of re-dundant sensors whi
h address the short
omings of a single sensor.4. Con
lusions and Future WorkThe S
out provides a unique and adaptable roboti
 platform 
apableof utilizing the diversity of the members of its team to a

omplish dif-�
ult tasks in non-ideal 
onditions. Ea
h S
out is suited for di�erentoperating 
onditions and teams of S
outs 
an be sele
ted to handle spe-
i�
 situations depending upon the parameters of the 
urrent mission.In the example of sear
hing a building for survivors, the S
out is able totraverse a variety of terrain, yet be small enough to drive through smallholes in the walls without further damaging the surroundings.



8 Future generations of the S
out will have additional improvements tothe mobility, 
ommuni
ations, and sensing 
apabilities of the S
outs de-pi
ted here. Improvements in mobility will geared toward redu
ing thesize further while still allowing for the freedom of movement found indevi
es su
h as the a
tuating wheels and grappling hook. Other sensorswill be developed and integrated allowing for a wider variety of infor-mation retrieval. In
reased 
ommuni
ation range will allow wider teamdispersal and the ability to operate in less wireless friendly environments.The improvements 
ome always in the form of a tradeo�, whetherin
reasing mobility means a 
hange in size or in
reasing sensing redu
esoverall operating lifetime by 
onsuming more power. However, the in-
orporation of several spe
ialized robots o�sets the e�e
ts of the tradeo�be
ause diversity in the team provides the strength to be both 
exibleand adaptable allowing for a wider range of missions and obje
tives thana single robot 
ould a
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