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CONCEPT DEVELOPMENT REPORT 

FOR THE TACTICAL MOBILE ROBOTICS (TMR) PROGRAM

(Extract of 03/24/1999 Revision)

4.0 PROJECTED DESIGN TRADE-OFFS FOR TMR PROTOTYPES

One of the most challenging aspects of the TMR program involves the integration of multiple components within packaging constraints inherent in the pursuit of man-packable systems.  A typical question here is whether the user is willing to wait for 7 years to develop something golf ball sized that can transmit video 5km NLOS (non line of sight), when a low cost football sized unit that transmits only 500 meters might be useful in the interim?  The answer is most probably both.  Thus user input often reflects the desire to have one’s cake and eat it too - without delay. 


Although we certainly want users to state requirements in an unconstrained manner which supports the mission, design trade-offs must be prioritized in terms of salient mission needs and projected employment scenarios.  The tricky part here is projecting shifts in user needs commensurate with their experiential growth in robotics and technology advancement in the research sector - both of  which correspond to acquisition  milestones.  Cost efficient development thus demands a time phased approach to increased sophistication and pursuit of advanced technologies.


Since many performance parameters for miniature systems are inherently opposed to each other in terms of resource contention and mission needs, a sequence of design tradeoffs are anticipated which will have to be evaluated commensurate with an established hierarchy of task requirements.  If the intent of a special reconnaissance mission, for example, is to avoid compromise at all cost, then any design tradeoff between audio signature and mobility would most likely be resolved in favor of the former because stealth considerations are paramount.  In a pre-assault reconnaissance effort, however, the necessary assets for mission execution may already be in place and waiting orders.  This situation might be resolved in favor of a more noisy yet agile system which can obtain the necessary information before waiting units lose their intensity or environmental conditions change for the worse (e.g. the sun rises, it stops raining, etc.).  A detailed summary of design trade-offs which were considered for TMR platform development is provided in appendix D to this report.  They are not considered to be exhaustive or exclusive, but represent a scaffold on which to resolve technology challenges with user desires and in the interest of development efficiency.

5.0 SELECTED TMR PLATFORM CONCEPTS

With the wide variety of potential TMR design approaches and employment scenarios indicated above, the CDG was compelled to consider initial prototype development in a somewhat focused manner.  Extensive discussion during CDG sessions 1-4 identified several areas where users appear to have common or nearly identical performance desires as indicated in the employment tradeoff matrix included in Appendix D.  Three prominent employment interests emerged from these discussions as primary platform development concepts. 

5.1 ThrowBot


The need for this platform was motivated by the desire to project one’s eyes, ears, and other sensing modalities into void spaces that lay beyond the current line of sight.  The ThrowBot platform is envisioned as a less-than-dumb probe that is thrown, launched, dropped, or carried into operational dead space by a variety of mechanisms to include other TMRs, UAVs, or personnel if necessary.  The ThrowBot is intended to be somewhat personal in nature in that it will be small enough to fit into a cargo pocket or butt pack and light enough (<1 kg / 2.2 lbs) to be employed in a grenade-like fashion.  It is intended for confined space operations at relatively short range (~ 300 meter – small arms effectiveness).  It is doubtful that the Throwbot will be capable of sophisticated manipulation of its environment. 

5.2 PackBot 


Extensive CDG discussion was focused on the need for operational standoff that exceeded crew-served weapons ranges (out to several kilometers) and provided greater operational value than a basic probe can provide.  The PackBot platform is intended to travel into denied areas from extended (~ 3 km) ranges, and perform difficult tasks upon arrival such as contamination sampling, multi-story mapping, object manipulation, etc.  The basic form factor for the PackBot will allow it to fit into a standard military rucksack and weigh less than 10 kg (22 lbs).  While these platforms are intended to ride over “macro” scale obstacles (such as steep cliffs, deep rivers, dense jungle etc.) inside a rucksack, they need to possess a capacity for robust cross-country mobility in the presence of various obstacles, vegetation, etc.  It was recognized that partial disassembly of PackBot platforms may be desired in order to distribute loading across an operational element or team.


Because these platforms will have to function for extended periods in complex environments well beyond line of sight, it is essential that they possess a certain level of autonomy (via on-board intelligence) in order to recognize obstacles and handle unanticipated events (such as indigenous activity, inclement weather, threat emergence, etc.). Pursuit of robust semi-autonomous operation represents the primary technical challenge to the TMR program, and calls for a host of enabling technologies to be developed in machine perception, artificial intelligence, and innovative mobility.


The original vision for the PackBot platform was as a super modular vehicle that could be easily reconfigured with any variety of payloads through the development of adaptive software and innovative component design.  Recent technical reviews and resource analysis, however, revealed that packaging and shielding of miniaturized components presents a particularly daunting challenge from a systems integration standpoint.  It became evident that the mission payloads required for advanced, multi-sensor 3-D mapping were fundamentally different from manipulation payloads, and thus would be extremely difficult to integrated into the same platform under the scope and resource profile for TMR.  For this reason, the PackBot development effort has been further divided into two variants:  the PackBot-P (Perceptor) platform which will focus on sophisticated sensing, mapping, passive sampling, etc., and the PackBot-E (Effector) platform which will manipulate objects and interact extensively with the environment.  It should be noted that both platforms will possess a sophisticated sensing capacity in order to navigate efficiently and negotiate complex obstacles.  The primary difference in their design will be the mission payloads they carry, and the type of activity they conduct during their respective missions.

5.3 CommsBot


A third area of commonality for conceptual development in the TMR CDG involved the use of robots as communication relay nodes.  It has long been the desire of military planners worldwide to offset communications nodes from critical unit infrastructure because of their tendency to draw attention (and firepower) from the enemy.  Signal attenuation and NLOS conditions imposed by structural obscuration further complicates the problem in urban environment.  Current relay methods involve the use of static antennae or repeaters that are to inflexible and unreliable to provide efficient communications in a highly dynamic, 3 dimensional urban operation.


The CommsBot was envisioned as a smart relay node that could “sense” RF signal strength and re-position itself automatically (by climbing stairs or dropping into sewers) to ensure maximum coverage.  It was recognized early that the CommsBot might actually represent a specialized mission payload for the PackBot platform.  Subsequent analysis, however, revealed that power distribution constraints and signal processing needs would probably dictate a separate or extensively modified chassis design.


In any case, the CommsBot concept represents a very difficult reasoning and processing task.  The algorithms required to dynamically process signal strength in conjunction with movement by both the CommsBots and the operational element they were supporting have yet to be developed and represent a daunting challenge for the A.I./sensor community.  For this reason the development of the CommsBot platform will most likely be delayed until the latter portions of the TMR program, or form the basis for a new program emphasizing re-configurable mobile networks.  Effort committed to this concept has not been wasted in any case, because the need for human operators to communicate effectively with multiple TMRs still exists, and is recognized as a new systems integration thrust for the program.

6.0 TMR PLATFORM DESIGN

The challenge for performers involved in the Platform Design and Systems Integration portion (Part B) of the TMR program rests primarily within the realm of component integration, packaging and interface development.  In order to expedite this process and avoid duplication of CDG efforts by Part B performers, the concepts listed above were refined to degree where specific design objectives were identified.

6.1 Platform Design Objectives


Design objectives for TMR prototype platforms are intended to provide fairly general guidance on what the envisioned platforms should do – vice what they should actually look like.  Design objectives are stated as loosely as possible in order to encourage the high level of innovation commensurate with DARPA goals while maintaining enough performance focus to experiment efficiently and demonstrate technology effectively.  A general description of each objective is provided below.  A summary of design objectives for each of the currently projected TMR prototype platforms is listed in Tables 6.1 and 6.2.

Platform Control Range:  indicates the distance in meters at which a TMR can be reliably controlled (e.g. with minimal risk of aberrant behavior) via command transmit/acknowledgment streams and semi-autonomous behaviors.  This affords the user a significant standoff from detection and interdiction by hostile elements and other threats.  Since typical small arms ranges extend out to ~ 300 meters, ThrowBot objectives need to meet or exceed this range.  Crew served weapons ranges extend this stand-off objective out to 3Km for PackBot variants.  Note that while urban environments are replete with cover and concealment at shorter ranges, TMRs must be capable of functioning on the urban perimeter and internal open spaces such as city parks and structural voids (such as bridges, large mall-sized parking lots, etc.).  Also note that while audio/video modes provide the most desirable control feedback for typical users, it may be possible to tele-operate TMRs with low bandwidth alternatives (use of proximity sensors, obstacle maps, etc.) to compensate for Line Of Sight (LOS) obstructions.

Platform Sensing Range:  indicates the distance in meters (from the platform itself) over which TMRs can sense their environment in order to navigate efficiently and perform specific mission tasks.  Audio/visual resolution objectives are intended to enable facial recognition and casual conversation interpretation at 30 meters (across streets and in large halls) for PackBots and 10 meters (across a small room) for ThrowBots.  Specific mission payloads should also strive to meet or exceed these ranges to provide maximum operational standoff – especially in the presence of contaminants, security measures and other hazards.

Organic Sensing Modes:  these modes enable a TMR platform (and its operator) to perceive its environment completely and correctly enough to efficiently navigate between user designated targets (way-points).  Organic sensors are those which are imbedded into the basic platform design and remain relatively unchanged in form and function throughout transition to other mission tasks and payloads.

Mission Oriented Sensing Modes:  these modes will enable TMR platforms to perceive their environment completely and correctly enough to perform specific tasks beyond “simple” navigation and obstacle negotiation such as map building, contaminant localization, manipulator based sampling, etc.  These modes/payloads are highly situation dependent and reflect the need for extensive modularity in TMR design.

Duration:  is the time period (in hours) that TMRs can operate reliably without recharge or external power source manipulation.  Note that an extensive segment of military and civilian dismounted operations are conducted at night.  This generally dictates the need for TMRs to perform reliably over a 12 hour period in order to exploit darkness periods for cover and concealment as well as critical mission needs.  Although user needs will inevitably call for a mission duration that exceeds 24 hours, a 6 hour duration is acceptable for TMR platform prototypes as a experimentation objective.  Specific user needs for extended missions will be left to service-specific R&D activities in accordance with the TMR transition plan.

Stability:  refers to a TMR’s resistance to mobility failure by becoming inverted or misaligned in a precarious or mission-threatening posture.  Variable geometry designs that provide a potential for self righting and/or invertible operation are highly desired as a preventative measure.

Effector:  indicates the type(s) of manipulator arms, scoops, or other appendages which may enable the TMR to influence its environment in order perform a variety of critical tasks such as sample retrieval, device emplacement, self righting, etc. 

Modularity / Component Size:  refers to the number and nature of components into which a TMR can be easily (without technical support) disassembled for transport.  This highly desirable feature is what allows for delivery of TMR platforms operational areas by human hosts in a reliable (healthy & stealthy) manner.

Module Assembly Time:  is the time in minutes necessary to remove TMR components from protective packaging, assemble and perform functions checks in preparation for mission launch.  The small unit of measure (minutes vs. hours) implies that this feature should be reduced as much as possible with efficient quick-disconnects, wing nuts, etc.

Total Assembled Volume:  refers to a TMR’s cross sectional bulk at launch (after assembly if necessary).

Total Assembled Weight: is the total weight of a deployed TMR (after assembly if necessary). 

Smooth Surface Speed: is the max. unobstructed speed (in mph) which a TMR can maintain on smooth surfaces (pavement, short grass, etc.).

Rough Terrain Speed: reflects the need to capture cross country mobility in some manner.  Since the term “cross country” is subject to much interpretation variance (rocky hillside vs. forest vs. grassy meadow, etc.) the subjective nature of this characteristic requires further consideration and refinement.  For the purposes of initial investigation this will involve an average density of 2ea moderate (~ ¼ TMR volume) obstacles (rocks, ditches, etc.) per meter traveled, but also includes compliant vegetation (grass, bushes, etc.) of the same magnitude.  Note that for effective experimentation this feature should be de-coupled from the perception aspects of TMR performance (e.g. locomotion speed should be measured separately from the processing required to discriminate between complex obstacles such as rocks hidden in deep grass or a bush located on the edge of a deep ditch). 

Expanded Mobility:  is a subjective statement of any desired locomotion capabilities that extend beyond simple terrain negotiation.  This category will eventually include wall climbing, variable geometry (shape shifting), undulation, snow negotiation etc., as part of the new “Innovative Mobility“ technology development thrust in the TMR program.

Self Awareness:  is a subjective statement of how much a TMR “knows” about itself in terms of its location, operating environment, pose, effector configuration, etc.  This refers to the “perception” portion of  the “On Board Reasoning” objective and involves some of the most difficult yet important research in Artificial Intelligence to date. 

On Board Reasoning:  is a subjective statement of a TMR’s ability to reason and perform complex tasks autonomously or semi-autonomously.

Anti-Handling:  is a subjective statement of a TMR’s ability to avoid prevent capture/exploitation/ interference/tampering by hostiles and/or indigenous entities  (curious personnel, animals, etc.).

Impact Resistance:  is a quantifiable ability of TMR platforms to withstand the shock associated with being launched into denied areas as truly portable platforms.  This aspect of TMR design is so critical to its employment value that it is established here as a specific design objective rather than being deferred until the transition stage of the program where significant redesign might become necessary.  Specific criteria for this will obviously vary by platform/payload, and will be determined in accordance with the TMR Experiment and Demonstration Plan.

Signature Reduction (listed as characteristic instead of performance criteria):  is a subjective statement of a TMR’s ability to avoid hostile/indigenous detection across the spectrum of possible sensing modes.

Temperature Tolerance:  Specific pursuit of this objective lies outside the scope of a DARPA program (hence left to service R&D as part of transition cost).  It is recognized, however, that TMR platforms will need to be able to perform effectively during experiments held at various analysis sites throughout the U.S. in accordance with the TMR Experiment and Demonstration Plan.  Thus a nominal performance temperature range is set from 20-110 degrees F for TMR prototypes to strive for. 

Water Tolerance:  Specific pursuit of this objective lies outside the scope of a DARPA program (hence left to service R&D as part of transition cost).  It is recognized, however, that TMR platforms will need to be able to perform effectively under a variety of environmental conditions as described in the TMR Experiment and Demonstration Plan.  Thus, TMR platforms will strive to be weather-resistant at all levels.  Water proof components and packaging are obviously desirable, but should not be pursued at direct expense to enabling technology development.  Innovative methods for clearing mud, droplets, etc. off of sensor arrays and manipulators are also highly encouraged.  Collaborative assistance between multiple robots may provide some relief in terms of overall system robustness, but individual platform reliability is of direct interest.

Other:  is a miscellaneous category that encompasses platform specific design criteria and / or characteristics not adequately described above.

Table 6.1a TMR Platform Performance Design Objectives Summary (as of: 01/22/99)  Revised 03/24/99
Performance Parameter
PackBot – P (Perceptor)
PackBot-E (Effector) 
ThrowBot 

Platform Control Range 
3 KM  LOS w/ penetration of thick (50meters) vegetation
3 KM  LOS w/ penetration of thick (50meters) vegetation
300 meters with penetration of internal walls (sheet rock & wood)

Platform Sensing Range 
3 KM  LOS w/ penetration of interior walls (sheet rock & wood)
3 KM  LOS w/ penetration of thick (50meters) vegetation
300 meters with penetration of internal walls (sheet rock & wood)

Organic Sensing Modes 
Audio / Visual (driving resolution)  
Ultra sonic proximity sensors

I.R. proximity sensors 

Penetrating radar for compliant obstacle characterization
Audio / Visual (driving resolution)  
Ultra sonic proximity sensors

I.R. proximity sensors 

Penetrating radar (for compliant obstacles like grass, bushes, etc.)
Audio / Visual (driving resolution)  
Ultra sonic proximity sensors

I.R. proximity sensors

Contact contaminant detection

Mission Sensing Modes / Payload Accommodation (plug & play) 
Audio: directional recognition:30Db at 30 meters

Day/night facial recognition at 30 meters

3 ½ D (depth + vertical) mapping payloads
Penetrating radar for personnel detection

Non Contact NBC detection, non manipulative sampling, rudimentary on site analysis 
Audio: non directional monitoring 30 Db at 30 meters

Day/night visual identification of 1 cm objects at 5 meters (for manipulation purposes)
Manipulative sample collection


Audio: non-directional monitoring of casual conversations at 10 meters

Day/night facial recognition at 10 meters

Duration (mobility)
6 hrs. continuous 
6 hrs. continuous
2 hrs. continuous 

Duration (sensor only)
12 hrs. continuous
12 hrs. continuous
4 hrs. continuous

Stability
Self Righting Capability


Self Righting Capability
Polymorphic invertible design

Effector(s)
Provide pan / tilt of sensor suite 

Vertical offset of ~ 1 meter (via extendable mast, etc.)

Conduct self inspection
Small, lightweight (pencil like) manipulators that can: scoop(spoon like) , grasp, self flip, deliver & recover devices, extend thermal probes, etc.
Docking mechanism for hook up with marsupial TMRs 

Max Smooth Surface Speed
>=4 m/sec (~10 mph)
>=2 m/sec (5 mph)
>=1 m/sec (~ 2.5 mph) 

Max Rough Terrain Speed 
>=2 m/sec (~5 mph)
>=1 m/sec (2.5 mph) 
>=0.5 m/sec (1.2 mph) 

Expanded Mobility
 Negotiate small obstacles (<1/2 TMR vol.), including grass, climb 12” steps 

[wall climbing, undulation (snake like) shape shifting, & snow maneuver  as they emerge]
Negotiate small obstacles (<1/2 TMR vol.), including grass, climb 12” steps 

[wall climbing, undulation (snake like) shape shifting, & snow maneuver as they emerge]
Negotiate small obstacles (<1/2 TMR vol.), including grass, climb 4” steps 

[wall climbing, undulation (snake like) shape shifting, & snow maneuver as they emerge]

Awareness

(perception oriented)
Detect NLOS conditions & module faults

Detect 90 % of decimeter size obstacles at 2 m/sec (100% when static)

Visually inspect 1/2 TMR (top frontal area)

Detect & track humans

Determine position & pose within 0.5 meters & 1 deg. 
Detect NLOS conditions & module faults

Detect 80 % of decimeter size obstacles at 1 m/sec (90% when static)

Visually inspect 1/2 TMR (top frontal area)

Determine position/ pose of chassis within 1 meter/5 degrees, effectors within 0.1 meter & 1 degree
Detect NLOS conditions & module faults

Detect 90 % of centimeter size obstacles at 1 m/sec (90% when static)

Visually inspect 1/2 TMR (top frontal area)

Estimate position & pose within 1 meters & 5 degrees

On Board Reasoning (behavior oriented)
React to lost control link: task dependent 

Avoid static obstacles within 10 vehicle lengths

Visual servo to NLOS waypoints

Map / survey unknown areas semi autonomously (<1 command per 100 meters traveled)

Recognize & track human presence
React to lost control link: task dependent 

Avoid static obstacles within 10 vehicle lengths

Visual servo to NLOS waypoints


React to lost control link: task dependent 

Avoid static obstacles within 10 vehicle lengths

Execute auto-hide behavior

Anti Handling (task & payload dependent)
Remote On/Off/Sleep/Destruction

Anti-Tampering (violent / non-violent options)

Process anti-handling bypass
Remote On/Off/Sleep/Destruction

Anti-Tampering (violent / non-violent options)

Process anti-handling bypass
Remote On/Off/Sleep/Destruction

Anti-Tampering (violent / non-violent options)

Process anti-handling bypass

Impact Resistance 
Withstand launch over a fence 5 meters high onto pavement (specific G-loading to be determined)
Withstand launch over a fence 5 meters high onto pavement (specific G-loading to be determined)
Withstand launch 10 meters high by 30 meters distant onto pavement (specific G-loading to be determined)

Table 6.1b TMR Platform Characteristic Design Objectives Summary (as of: 01/22/99)  Revised 03/24/99
Characteristic Parameter
PackBot – P (Perceptor)
PackBot-E (Effector) 
ThrowBot 

Total Assembled  Weight: Platform
< 10 kg (22 lbs.)
< 10 kg (22 lbs.)
< 2 kg (4.4 lbs.)

Total Assembled Volume: Platform
< {1 cu. meter)
< {1 cu. meter)
< {0.3 cu. meters} 

 Payload Capacity: Weight
< {1 cu. meter)
< {1 cu. meter)
< {0.3 cu. meters} 

Payload Capacity:

Volume
~ 1/3 TMR volume
~ 1/3 TMR volume
~ 1/4 TMR volume

Modularity /  Component Size
~ 1/3 TMR weight
~ 1/3 TMR volume
~ 1/4 TMR volume

Module Assembly Time
< 10 minutes in darkness
< 10 minutes in darkness
< 2 min in darkness

Collapsibility
TBD as part of innovative mobility BAA
TBD as part of innovative mobility BAA
TBD as part of innovative mobility BAA

Signature Reduction 
LPI/LPD Communications (+)
LPI/LPD Communications (+)
LPI/LPD Communications (+)

6.2 Human Robot Interface (HRI)  


The portable, “tool” oriented flavor of the TMR program dictates a significant investment in the development of human-robot interfaces that provide operators with efficient control with avoiding counter-productive distraction from other critical duties.  Broad objectives are stated here, rather than the more specific design parameters listed for individual platform concepts.  This approach is taken to fully exploit the wealth of technical innovation that can be applied to human robot interface development while still providing enough design focus to be efficient.  Human robot interfaces for multi-platform TMR systems will need to be:

· Effective in controlling multiple platforms (>=4) from the same OCU (Operator Control Unit).

· Lightweight (~ 2 kg maximum) and low volume (~ 64 cu.in.), and preferably integrated into an operator’s current ensemble of personal gear.

· Compact in design with unobtrusive antennae, wiring etc.  Flat antennae sewn into clothing or very flexible ribbon/whip filaments are highly desired to minimize interference with other operator duties.

· Capable of operating with a Low Probability of Intercept/Low Probability of Detection (LPI/LPD) via specialized communications equipment.

· Provide an operational duration of >= 12hrs without interruption (battery change, recharge, etc.)

· Fully functional at ranges commensurate with individual platform performance including penetration through vegetation and light structures (sheet rock & wood). 

· Non-distracting: 

· Does not require the operator to hold any specific gadget in his/her hands.  This is crucial in urban operations where emergent threats require one to hold weapons, radios and other devices at the ready.  Any additional hand held gadgetry will inevitably inhibit the effective use of hand signals, employment of hand grenades, etc.

· Avoids further burden in sensing modalities that tend to be overwhelmed with input - namely eyes and ears.  Operators depend almost exclusively on eyesight and hearing for target localization, engagement, and a host of C3I (command, control, communications & intelligence) functions.  Semi-autonomous behavior programming that avoids constant joy-stick obsession can offer a step in the right direction.  Leader-follower techniques could also cut down on the multiple platform interface challenge, but the operator will eventually have to interact with TMRs in at least some manner in order to extract operational value from the robots.  A desired approach to answer this need would be to couple the TMR interface with an alert mechanism of some sort to indicate when:

· 1) a TMR has completed a specified task (such as climb to the 8th floor, or map hallway “x”)

· 2) a TMR or team of TMRs has detected an item of interest such as 2 meter warm water bag (human being)

· 3) a TMR is in trouble (stuck on an obstacle) 

· 4) a TMR requires attention from a human or other TMR (running low on power, need to download data, etc.). 

A tingling or thermal tactile sensation is probably the best modality to use as an alert method because of its inherent low signature, adjustable threshold, and immediate response potential.  Olfactory (smell) and taste sensing are certainly not out of the question, but implementation of these sensing methods presents some rather significant challenges.

Once the operator is alerted to the TMR’s status, command sequences are sent via unobtrusive glove mechanisms (variants of nomex or leather gloves already worn for personal protection which are wired with micro IMUs and other proprioceptive devices for direct feedback & efficient control).  Audio visual feedback is provided via heads up display projected onto typical clear safety glasses (also typically worn during assault operations) and miniature microphones or “bone-phones” which propagate signals directly through the skeletal structure instead of covering or blocking the ears.

6.3 Collaborative Robot Platform Integration (CRPI)


The tactical advantages presented by the employment of small, portable platforms come at a direct cost to the magnitude of valuable work that individual platforms can actually achieve.  The TMR program seeks to compensate for challenges posed by diminutive platform size by pursuing the development of multi-platform robot teams.  Work in this area will avoid single point of failure risks by promoting extensive collaboration between different TMR platforms in pursuit of common goals.  A particularly challenging aspect of this approach endeavors to create marsupial-like relationships between larger, more complex platforms that launch, recover, and “care” for smaller, less sophisticated platforms as discussed in the SOFROB Interim Report.  This area will require an extensive “system of systems” integration effort that takes on the communications and collaborative manipulation challenges associated with heterogeneous platform communications, docking, data exchange, power exchange, etc.


As with the HRI, broad objectives are stated here rather than the more specific design parameters listed for individual platform concepts.  This approach is taken to fully exploit the wealth of technical innovation that can be applied to development of a collaborative robot team while still providing enough design focus to be efficient.  The Collaborative Robotic Platform Integration effort will need to provide:

· An effective robot team comprised of multiple TMR platforms (>=3), controlled from a single OCU or HRI.

· Valuable collaborative behaviors that show a significant increase in performance over what any single TMR can accomplish on its own.

· A launch/recover/care (marsupial) relationship between 2 or more TMRs that significantly extends the capabilities of the overall human/robot teamed system. 

· Effective semi-autonomous behaviors for docking, data exchange, power exchange, etc. between multiple TMRs. 

· Collaborative, semi-autonomous inspection and fault recovery between multiple TMRs that exceeds any single platform’s capacity for self recovery.

· Collaborative, semi-autonomous behaviors that allow multiple heterogeneous platforms to negotiate obstacles that any single platform cannot handle alone.

· Collaborative, semi-autonomous behaviors that significantly expand situational awareness based on: multi-modal sensing, fused perspectives from multiple platforms, extended sensor coverage, wider sampling capacity, mapping area, etc. 

7.0  CONCLUSIONS AND FUTURE WORK

The TMR CDG concept analysis results strongly support the notion that portable robotic platforms can contribute significantly to mission enhancement and risk reduction throughout DoD and other government agencies.  Further refinement of this effort and expansion into additional analysis is necessary, however, to fully exploit the tactical employment potential for mobile robots.  The design and employment concepts described in this report will be continually refined throughout the life of the TMR program – particularly after key enabling technologies have been investigated in Phase 1.


In addition to developing enabling technologies and prototypical platforms themselves, however, the TMR program must strive to continually evolve its employment and design concepts to exploit progress in related technologies and maintain its relevance.  A variety of revision mechanisms, such as conceptual workshops, Integrated Product Teams (IPTs), etc., will be used to achieve these goals.  Quarterly In Process Reviews (IPRs) will remain as the general forum with which to disseminate these revisions among program performers and other interested participants.


A great deal of work lies ahead before user communities fully realize the tactical employment potential value of TMR systems.  With continued conceptual guidance by government representatives and innovative thinking by a very talented segment of the research community, the TMR program is destined to have a truly revolutionary impact on operational efficiency and risk reduction across the spectrum of dismounted operations.
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