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Preface

This report contains an example intent specification.! Intent specifications are based on
research in human problem solving and on basic principles of system theory. An intent spec-
ification differs from a standard specification primarily in its structure: The specification is
structured as a set of models designed to describe the system from different viewpoints, with
complete traceability between the models. The structure is designed (1) to facilitate the
tracing of system-level requirements and design constraints down into detailed design and
implementation, (2) to assist in the assurance of various system properties (such as safety) in
the initial design and implementation, and (3) to reduce the costs of implementing changes
and reanalysis when the system is changed, as it inevitably will be. Because of its basis in
research on how to enhance human problem solving?, intent specifications should enhance
human processing and use of specifications and our ability to perform system design and
evolution activities. Note that no extra specification is involved (assuming that projects
produce the usual specifications), but simply a different structuring and linking of the in-
formation so that specifications provide more assistance in the development and evolution
process.
There are seven levels in an intent specifivelsiclo (sot Figraser).

refinement, as in other more common hierarchical structures, but instead each level of an
intent specification represents a completely different model of the same system and supports

B different type of reasoning about it: ~ ch model or level presents a complete view of the
system, but from a different perspective. The model at each level is described in terms of
a different set of attributes or language. Refinement and decomposition occumgea ch
level of the specification.

Hiled G)pplewitlds a proje ct management view and insight into the rela-

tionship between the plans and project development.

Level 1 of an intent specification is the customer view and assists system engineers and
customers in agreeing on what should be built and whether that has been accomplished. It
includes system goals, high-level requirements, design arolssteawritenhrental
assumptions, and system limitations.

The sedapinierial, ciples, is the system engineering level and allows
engineers to reason about the system in terms of the physical principles and laws upon which
the system design is based.

1See Leveson, N.G. Intent Specifications: An Approach to Building Human-Centered Specifications, IEEE
Transactions on Software Engineering, Vol. SE-26, No. 1, January 2000.

2See K.J. Vicente and J. Rasmussen. Ecological Interface Design: Theoretical foundations, IEEE Trans.
on Systems, Man, and Cybernetics, vol 22, No. 4, July/August 1992.
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Figure 1: Thei®1 d@are of an Intent cification.

The third, or Blackbox Behavior level, enhances reasoning about the logical design of the
system as a whole and the interactions between the components as well as the functional
state without being distracted by implementation issues. This level acts as an unambiguous
interface between systems engineering and component engineering to assist in communica-
tion and review of component blackbox behavioral requirements and to reason about the
combined behavior of individual components using informal review, formal analysis, and
simulation. fFhe language used on this level, cTRM-RLhas a formal foundation so it
can be executed and subjected to formal analysis while still being readable with minimal
training and expertise in discrete math.

The next two levels provide the information necessary to reason about individual com-
ponent design and implementation issues. Finally, the sixth level provides a view of the
operational system.

Each level is mapped to the levels above and below it. These mappings provide the
relational information that allows reasoning across the hierarchical levels and tracing from
high-level requirements down to implementation and vice versa.

Intent information represents the design rationale upon which the specification is based.
This design rationale is integrated directly into the specificHion.  ch level also contains in-
formation about underlying assumptions upon which the design and validation is based. As-
sumptions ardepecially important in operational safety analyses. conditions change
such that the assumptions are no longer true, then a new safety analysis should be triggered.
These assumptions may be included in a safety analysis document (or at least should be),
but are not usually traced to the parts of the implementation they affect. Thus even if
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the system safety engineer knows that a safety analysis assumption has changed (e.g., the
pacemakers are now being used on children rather than the adults for which the device was
originally designed and validated), it is a very di cult and resource-intensive process to
figure out which parts of the design used that assumption.

The safety information system or database is often separated from the development
database and specifications. In the worst case, system and software safety engineers carefully
perform analyses that have no effect on the system design because the information is not
contained within the decision-making environment of the design engineers and they do not
have access to it during system design. By the time they get the information (usually in the
form of a critique of the design late in the development process), it is often ignored or argued
away because changing the design at that time is too costly. Intent specifications integrate
the safety database and information into the development specifications and database so
that the information needed by engineers to make appropriate tradeoffs and design decisions
is readily available.

Interface specifications and specification of important aspects of environmental compo-
nents are also integrated into the intent specification as are human factors and human in-
terface design. aliherseprma tiwterd human ce design from the main system
and component design can lead to serious deficiencies in each. Finally, each level of the
intent specification includes a specification of the requirements and results of verification
and validation activities of the information at that specification level.

Although the contents of each level of an intent specification is not fixed and can vary
according to the type of project and the views that are appropriate for it, Figure 2 show an
example of what information might be found at each level of an intent specification for a
typical complex system project.

In summary, intent specifications allow a seamless transition from system to component
(including software) specifications and the integration of formal and informal aspects of sys-
tem and software development. The specification structure facilitates the tracing of system
level requirements and constraints into the design and the assurance of various system prop-
erties (such as safety) in the initial design and implementation as well as reducing the costs
of implementindyithamgentasple reanalysis. cifications should be helpful in
mgpno je ct development and reducing development time (by assisting in early valida-
tion of design decisions and thus reducing rework), their most important advantages will be
reaped during system evolution and sustainment. Their use should augment maintenance,
troubleshooting, upgrades, operations, training, and the safety analyses needed to change
the system without affecting risk.

Hhidtisfiefld study of the requirements and design pro cdss persystems.
They found that substantial design effort in projects was spent coordinating a common
understanding among the staff of both the application domain and of how the system should
perfornnevithihat. characteristics they found that appeared to set exceptional
designers apart from their colleagues was their knowledge of the application domain, and
their ability to identify unstated requirements, constraints, or exception conditions and to
to map between the behavior required of the application system and the computational

3B. Curtis, H. Krasner and N. Iscoe, A field study of the software design process for large systems,
Communications of the ACM, 31(2): 1268-1287, 1988
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Environment Operator System and components V&v
Level 0 Project management plans, status information, safety plan, etc.
Level 1 Assumptions Responsibilities System goals, high-level Preliminary
System Constraints Rec?uirements yrequirgmem’s, gesign Hazard Analysis
urpose I/F requirements constraints, limitations Reviews
Level 2 External Task analyses Logic principles, Validation plan
System interfaces Task allocation control laws, and results,
Principles Controls, displays functional decomposition System Hazard
and allocation Analysis
Level 3 i Operator Task Blackbox functional Analysis plans
Blackbox En\r/rl]rggylsem P models models and results,
Models HCI models Interface specifications Subsystem
Hazard Analysis
Level 4
- i ftware and hardware Test plans
Design HCI design Software and results
Rep. design specs
Level 5 GUI design, Software code, hardware Test plans
Physical physical controls assembly instructions and results
Rep. design
Level 6 Audit Operator manuals Error reports, change Performance
Operations || procedures Maintenance requests, ec. monitoring
Training materials and audits
Fdzmpl2: Contents of an Intent cification.

structures that implement this behavior. This is exactly the information that is included in
intent specifications.
edPtheigoshrnhrentr ghmi cumentation on TCAII (an airborne  col-
lision avoidance system) into an example intent specification. The specification following
this preface is a secéhd example, this time for a NA  robot. A difference this time is that
development of the system occurred while building the intent specification (it was not reverse
engineered).
In thsiddes meaquirelustry standard terminology is used where -

Thaimtheerdtls an option, "deitbsesanmt, and
dyipasgsnapéiondabout the environment. cated by pointers, with subscripts

denoting the page number on which the item can be found. An electronic version of this
type of specification could use sophisticated hypertext links and multiple windows to denote
these relationships.

The first number or letters of a link tells you what it is and where it is located:

ay : Paragraph or entry y on Level x (where z is§ to

4Thetyno and positioning distetrtifidnfdthesa
ldag at the documentation for the software, I found it too complicated in some cases and too incomplete
or inconsistent in others to understand. So I started the design of the software over from scratch and also
changed some of the hardware and interfaces. Inconsistency is, of course, very hard to eliminate from any

large systéWiikdegifilcttionedéwpepidit ation alferiad of time.

Sstdeiteddmsilimncp detechamdhelstinateringtances of

of thegstatd-InashinenmbdedréLevel 3) and the completeness and consistency chec
also very helpful in this respect.
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G: Gdale] 1)

FR: Functional Requirement (includes performance)
bvElAyironmental Assumption (

ORerator behavioral requirement, assumption, or &vebtihint (
Bielmjtation (

C: Non-safety-related design &wekthhint (

S@fety  -related design éwmbthhint (

H: Haard

HA-z: Ine 2z of the Haard Analysis.
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Caveats

This specification is only an example. Although the idea for the example caMile from a C
robot called Tesselator, the specification and design that appears here was redone from
scratch and does not correspond to the current implementation or any past implementation
of the real Tessellator robot.
In order to limit the amount of work required to produce the example (and the author s
limited expertise in mechanical engineering), only M@R8&robot mobility and positioning
edsistidia e emphasi cification. A complete specification for the entire Tessellator
robot would simply contain more information (particularly at levels 2 and lower) about the
other thermal tile processing functions.
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1.1 Imdro ction

(The following déscription is adapted from gkl
Al 1R .oBdnnett, ckwell, T. Gfhham,
G4rall, R.  Toole, and H. Schempf. The original Tessellator robot was designed as a
research project in the Robotics IMpt. at C with NA  funding. This specification
was derived from one that students pursuing a master s degree created for a project at the
SE Changes have been made from the original spe cification in order to satisfy our different
goals.)

The Thermal Tile Processing System (TTPJp is designed to servi ce tiles (the thermal
protection system) on the Space Shuttle, thus saving humans from a laborious task that

Butthegdimsl swathdrendsjtss pitier thelaun ch—ypi cally three
e famdintd it either the Knaitity in California or Space
Center in Florida, the orbiter is brought to either the kbtde Devicd( DI or the
Orbiter Processing F@Hity ( These large structures provide access to all areas of the
orbiters.

TheéhBttle is  covered with several types of heat resistant tiles that protect’the orbiter s
Mle themiajoritgknfl dueingpide sueds of reentry. ces are
coxitbéel iwstllation blankets, the lower surfa ces are covered with silica tiles.

"BHese tiles have a gla  coating over soft and highly porous silica fibers. The%iles are
air by volume which makes them extremely light but also makes them capable of absorbing
Mtemantdmusibemount of water. causes a substantial weight problem that
can adversely affect launch and orbit capabilities for the shuttles. Because the orbiters may
be exposed to rain during transport and on the launch pad, the tiles must be waterproofed.
This task is accomplished through the use of a speethlhydrophobi ¢ chemicaDM ES
which is injected into each and every tiléf There are approximately 1 000 lower surface tiles
(dhxcovering an area that is roughly 2

In the current procekdyl  ESs inje cted into a small hole in each tile by a handheld
tool that pumps a small quantity of chemicldzinto the no Thieme held against the
tile and the chemical iedfaritedgdrquplgettiertskvdrala pressuri
seconds. Thieadbameter is about 1 cm but the hole in the tile surface is about 0.1 cm.
The heights range from 20 ciidto abifiefinthehe t @akes about 2
person hours to rewaterproof the tiles on an orbiter. Because the chemical is toxic, human
workers have to wear heavy suits and respirators while injecting the chemical and, at the
same time, maneuvering in a crowded work area. One goal for using a robot to perform
this task is to eliminate a very tedious, amdwuafbrtmble, and potentially ha
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activity.

The tiles must also be inspected. By inspecting the tiles more accurately than the human
eye, it is hoped that the Thermal Tile Servicing System will reduce the need for multiple
inspections. During launch, reentry, and transport, a number of defects can occur on the
tiles. These defects are evidenced as scratches, cracks, gouges, discoloring, and erosion of
surfaces. The tiles are examined for such defects to determine if they warrant replacement,
repair, or no action. The typical procedure involves visual inspection of each tile to see
if there is any damage and then assessment and atitegodi the defe cts according to
detailed chedithisgsyork orders are issued for repair of individual tiles.

The TTPShas three main parts: a mobile robot, a separate (off -board) computer (called
thdTk  cell Controller) that controls the overall thermal tile processing tasks, and a human
operator to monitor and control the other two components.

The mobile robot is designed to inspect each tile and inject the waterproofing chemical.
Because there are so many tiles, the robot divides its work area into uniform work spaces,
inspecting tiles in each area with as little overlap between work spaces as possible.

Before each inspection shift, the operator enters instructboks into the cell Controller
about shuttle position and inspection sequence. Theddk cell Controller workstation creates

4jahst dbndde attebithaabbbanglopdathstather NA

gathered during the course of the shift. This data includes tile images, records of tiles
injected and inspected, and other pertinent job data. In addition, robot status data is used
to monitor robot operation.

At the beginning of the shift, the mobile robot is downloaded a job. The job consists of a
series of files describing the locations, sequend®sothiggat farking measurements,
etc. The robot then uses a rotating laser to position itself under the shuttle, and the robot s
camera locates the exact tile to be inspected. Because the shuttle difhethe is not
robot emistempward movement to ea ch tile: Two vertical beams on either side of
the robot raise the manipulator arm, which holds the injection tools and camera. A smaller
lifting device raises the arm the rest of the way.

By comparing the current state of each tile with the state of the tile at previous in-
spections, the mobile robot charaesernomalies in tiles as cracks, scratches, gouges,
discoloring, or erosion. The robot also indicates when it is unsure what is wrong with a tile,
so the supervisor egher¢alrady the s cWek of the cell Controller. At the end
of a shift, tBe robot s updated tile information is entered into existing NA  databases.

On board, computerssdugirol the mobile robot -level processing tasks while low-
level controllers and amplifiers direct arm and wheel motions. Two more computers control
the robot s vision and injection systems. Ifiaimghing goes wrong compartment tem-
peratures, low battery level, or other chaafety circuits will shut the robot down.

MARS mobility and positioning system) issues movement commands to the motor
controller, which direddsRfhanviseel motors on the mobile base. controlled
either by the operator or an on-board computer called the Tifevi  cithsystem (TS
The operator controls robot movement and positioning using a hand-held joystick. The TSS
controls robot movement and positioning by providing MAfth a spe cification of the
destination and route.
er legs’Bhe mobile base is unstable when the manipulator arm is extended, so stabili

used to provide stability. These legs must be retracted when the robot is in motion.
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1.2 Historical Idrm ation

We know of no previous robots used to service the orbiter thermal protection system nor
of any attempts to build sudli a robot. Although the C Tessellator robot was delivered
H@dNArlas we know it has not been used in Shuttle operations. We have
changed the design from the original in order to enhance safety and to make it a better

example for our purposes.
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1.3 Wdt Area (Enwron ment Assumptions

EA  ThbiteorPrareas of the cessing Facility can be very crowded. The
facilities provide access to all areas of the orbiters through the use of intricate platforms
that are laced with plumbing, wiring, corridors, lifting devices, etc. After entering the
facility, the orbiters are jacked up and leveled. Substantial structure then swings

Wth tharexind and surrounds the orbiter at all sides and at all levels. ception of
the jaftkstpads that support the orbiters, the ce directly beneath the orbiter is
initially clear but the surrounding structure can be very crowded.

E2& The mobile robot must enter the facility through personnel access doors 1.1 m

(Bwide. 5)iBEBRomtbwittngtthef 2.

There are some strudffrbal lbenms whose heights are as low as 1. ce
under the orbiter the tile heights range from sMetdt@rs to Thus the
compact roll-in form of the mobile system must maneuver these spaces and also raise
its inspection and injrotimrsetpiippment up to heights of ch individual
tiles while still meeting the 1 mm accuraey requirements ( MB-FR3(20), NB -Cl(30),
MB-S¢1 o).

EA3 Additional constraints involve moving around the crowded workspace. The
robot must negotiate jackstands, columns, workstands, cables, and hoses. In addition,
there are hanging cords, clamps, and hoses. Because the robot might cause damage
to the ground obstacles, cable covers will be used for protection and the robot system
must traverse these cevers ( MB-FR2 19)).

15



16



K Thermal Tile Processing Sstem : Gaals
Req iremedits Constraints

Gload'{ @'t speci . wpiilgtastoas Thgspeci  fy
iyt iyl ion to autbipgerigth
@b (agnbingninibigern o i
an.clidyriptls gn¥d intations on potentia
it s ytfilelico dorittin sin
@y'S — nieindbigiss o Hd 36t
aptmly cifi pe -+

Goals of the Thermal Tile Processing System (TIPS

1. Inspect the thermal tiles for damage caused during launch, reentry, and transport.

2. Apply waterproofing chemicals to the thermal tiles.

fgnétianbd
TTFR he TTPShall inspe ct each tile to identify tiles with defects.
TTFR he TTPShall assess and eadagori ch defect identified.
TTFR3 he TTPShall inje ¢t DMESnto ea ch tile.

Design Constraints

T'ERS Use of the TTPSmust not negatively impa ct thht s chedules of the
orbiters more than that of the manual system being replaced.

TERS Maintenance costs of the TTPSnust not ex ceed TBIMollars per year.

TEPS Use of the TTPSnust not cause or contribute to an unacceptable loss
(accident) as defined bprShuttle management ( 35))-

TTPS Components

The Thermal Tile Processing System has components located in the control room and on
a mobile robot (see Figure 1.3). These components operate together to achieve the system
functional requirements and to satisfy the design constraints.
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Figure 1.3: Components of the TTPS
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1.4.1 Wokotlé Cont (WCL Rgmir ents and
@drst

Goals

Control the overall thermal tile processing performed by the mobile robot.

Rerements

WaR Bhe @' hsisel fdowhtoadbtiea from the NA
robot to use during a shift.

WaR The GXC shall  create jobs (instructions) for the mobile robot.
WIER3 The QT shall monitor robot operation to ensure tasks are  completed.

WaR WI(Cthe end of a shift, the slald atpdatesNsith tile
images, records of tiles injected and inspected, and other pertinent job data TBD

Sfettd Design Constraints

W1 The job (instructions) provided to the mobile robot must not result in
any tiles being missed in the inspection or waterproofing process ( H8(4p)).

1.4.2 Mbbi Riet

The mobile robot consists of a mobile base carrying a tile servicing subsystem, a mobility
and positioning subsystem, a location subsystem, a motor controller, a digital camera, a

DMbanipulator arm, a ESnje ction subsystem, a vision subsystem, a system log, and several
safety subsystems included simply to provide safety functions including a safety fuse, a
proximity-sensor, and an alerting subsystem.

1.4.2.1 Mobile Base (MB)
Goals

Support, contain, and transport the tile servicing equipment.

Requirements

MB-FR1 The mobile base shall be able to carry all the mobile robot subsystem
components ({2.6.3(73)).

MB-FR2 The mobile base shall be able to move smoothly in any direction and to
cross cable covers on the floor (<~EA3(5) (—H33s)), (12.6.2(73)).
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MB-FR3 The mobile base shall be able to raise its inspection and injection equipment
to the level required for servicing the tiles, from 2.9 meters to 4 meters (<~EA2(5))
(J/263(73), 2101(81), 2104(81))

Design Constraints

MB-C1 The mobile base must be no more than 2.5 meters long and 1 meter wise.
While moving, it must fit under structural beams as low as 1.75 meters («<~EA2(5)),

(14.6).

Safety-Related Design Constraints

MB-SC1 The mobile base must be able to ensure accuracy of 10 cm for positioning
and 1 mm for tile servicing (inspection and injection) tasks. («<—EA2(;5, —H4ss),

12.6.1(73), 2.6.4(73))

MB-SC2 The mobile base design must protect against fire and explosion. (—H639),
12.6.5(73), 2.6.6(73))

MB-SC3 It must be possible to move the mobile base out of the way in case of an
emergency (12.9.2(79)).

1.4.2.2 Tile Servicing Subsystem
Goals

Direct and coordinate all tile servicing operations, including the positioning of the
manipulation arm, the operation of the vision subsystem, and the operation of the
DMES injection system.

Direct movement of the mobile base to the correct position for tile servicing.

Requirements

TSS-FR1 The TSS shall plan the course of action required to complete a given task.

TSS-FR1.1 The TSS shall raise the manipulator arm to the location of the tile
to be serviced ({2.10.3(s1))-

TSS-FR1.2 The TSS shall inspect each tile and identify damaged tiles using
the vision subsystem (]2.12.1(s5))

TSS-FR1.2.1 The TSS shall compare the current state of each tile with the
state of the tile at previous inspections.

TSS-FR1.2.2 The TSS shall characterize anomalies in tiles as cracks, scratches,
gouges, discoloring, or erosion.

TSS-FRQ.2. he TSS shall indicate if unsure what is wrong with a tile so
the operator can reanalyze the tile on the screen of the workcell controller.
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TSS-FRT. he TSS shall command the operation of the DMES injection sub-
system (12.11.1(g3)).

TSS-FR2 The TSS shall determine the next work location and the most optimal
route of travel to it while avoiding obstacles

TSS-FR2.1 The TSS shall inform the operator about the next desired work
zone location ({2.1.1(49), 2.2.3(5s))-

TSS-FR2.2 When the mobility and positioning system is being commanded by

the on-board T'SS, it shall provide the route of travel and a destination. Locations

shall be provided in world coordinates (12.1.149), 2.4.2.6(62), 2.4.5.3(64))-
:Rtionale or safety reasons, the operator is responsible for mobile base
movement. However, to allow for potential autonomy and thus more efficient
operation, the TSS can directly issue movement commands to the mobility
and positioning subsystem. Any TSS movement commands must be moni-
tored by the operator.

TSS-FR2. The TSS shall determine whether an adequate location has been
achieved before beginning any tile servicing operations (12.4.5.1(3), 2.1.1(49)).

Safety-Related Design Constraints

TSS-SC1 The TSS must not move the manipulator arm unless the vision system is
operational (—H4sg)).

TSS-SC2 The TSS must not command the manipulator arm into contact with any
object unless required for servicing (—H4ss)).

TSS-SC3 Chemicals must not be injected without providing a warning to humans in
the area (—H74)).

TSS-SC4T he injection system must not be operated unless the mobile base is stopped
in the work zone and the manipulator arm has moved the injection tool to the proper
tile (—)H7(40))

124. Motiftyoaing (M AP
Goals

Control the movement of the robot around the work area and position it in the appro-
priate locations in the hangar so the tiles can be serviced (—MAPS-FR1(yy)).

Navigate according to commands from an operator-controlled, hand-held joystick or
according to routes and destinations provided by the on-board tile servicing subsystem
(=MAPS-FR2(25), MAPS-FR3(23), MAPS-FR43), TSS-FR2.2(51), OP539)).

A stpom All robot base movement will be commanded from outside MAPS,
either by the computer TSS or the operator.
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Control robot base stabilization and provide movement warnings (—MAPS-FR5y3),

Store information about the operation of MAPS and the mobile robot as a whole

:Rationale  he recording of a variety of performance data will enable NASA
system engineers to fine tune the operation of the robot and its software and also
assist in maintenance and operational audits.

Requirements

MARF R1 MAPS shall generate motor control commands to maneuver the robot to
the zones required for the current job session (<~ MAPS-G1(21)) (12.4.5.4(65), 2.4.6.3(67) ).

MARF R2 MAPS shall provide a computer-controlled mode of operation (Com-
puter Mode) where routes and destination are provided by the on-board TSS (+~MAPS-

G2(21)) (»L2-4-5(63))-

A stifgm omputer mode of operation will be used only under opera-
tor oversight. More efficient movement, particularly in tight spaces, can be
commanded by the computer (compared to a joystick).

:Rationale Human control of MAPS throughout the long and tedious tile
servicing process (which takes several weeks) is impractical. In addition, more
efficient movement, particularly in tight spaces, can be commanded by the
computer (compared to a joystick). Sufficient confidence, however, cannot
be obtained in the automated implementation of some safety-related robot
operations (like detecting a passerby or an unexpected obstacle in the path of
the robot), and therefore human movement control will be used during some
limited but particularly hazardous operations.

MARF R2.1 MAPS shall accept a set of target positions and final destination
from the TSS and shall generate appropriate commands to the motor controller to
direct the robot base to the final destination position via the intermediate target
positions (12.4.5.4s5)).

MASF R2.2 MAPS shall notify the TSS and the user interface when a satis-
factory zone has been achieved or when it has failed to complete a commanded
move and the reason for any failure (12.4.5.3(64), 2.4.5.4.2.2.26), 2.4.5.5(6))-

MARF R2. Maps shall move into the Computer mode of operation in re-
sponse to an appropriate message from the operator (—H1(36)) (12.1.3(51), 2.4.7.3(63))-

MARF R2. While in Computer Mode, all joystick deflections shall be ig-
nored. The operator shall be informed when this occurs (—H1ss), MAPS-SC1(24))
(12.4.5.566), 2.4.7.3(63))-
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:Rationale This requirement is included to prevent inadvertent joystick de-
flection from affecting robot movement. For example, if the operator is hold-
ing down the deadman switch on the joystick and his or her arm is jostled by
an external force.

MARF R2U  pon receipt of a command to change from Computer to Oper-
ator mode, MAPS shall stop all motion and begin operation in Operator mode

(124.7.2(6s))-

MARF R3 MAPS shall provide an operator-controlled mode of operation (Operator
Mode) where movement is commanded via a joystick (<~MAPS-G2(3;)) (12.4.6g))-

:Rationale Operator control is safer when environmental conditions are un-
certain or in a particularly hazardous state (e.g., there are people in the area
where MAPS is moving). Manual control will also be used during routine
maintenance operations.

MARF RB  MAPS shall default to Operator Mode at powerup or after any
type of temporary shutdown or movement inhibition (such as from the safety fuse)
(12.4.2.2(61), 2.4.7.2(6s), 2.4.5.4.1(g5)).

MARF R3B In Operator Mode, MAPS shall be commanded corresponding
to the position of the joystick (12.2.2(s7), 2.4.6.3(67)).

MARF B3 MAPS shall be able to respond to either single joystick motion
commands or to any combination of commands ({2.4.2.4(2)).

MARF R3 While in Operator Mode, all movement messages from the TSS
shall be ignored (\L2472(68)7 2455(66))

MASF R4 MAPS shall determine robot position using the Location System (<+—MAPS-

MARF R5 MAPS shall control the deployment and retraction of the stabilizer legs

MASF R6 MAPS shall control the activation and deactivation of the aural and
visual alert system ((—MAPS—G?)(QQ), AS—FR2(31)) (—>H1(36)) (\L2421(61)a 217(95))

MASF R7 MAPS shall send messages to the system log about all events and errors
related to MAPS operation (<~MAPS-G4(29)) (12.4.8(69))-

Design Constraints

MAS C1 Tolerances for movements must be modifiable after delivery (]2.4.5.4.25)).

MASX2 C2 Acceleration or deceleration when starting or stopping motion under nor-
mal circumstances must be low to allow a smooth start and a smooth stop at the des-
tination ({2.4.2.362), 2.4.5.2(s3), 2.9.7(s0)). (But see safety constraint MAPS-SC2.2(,5)
below.)
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:Rationale The goal of this constraint is to minimize wear on the physical parts
of the robot and thus to reduce maintenance time and cost. However, it conflicts
with safety constraint MAPS-SC2.2 below and the tradeoffs must be considered
in the system engineering process.

MAS C3 Mobile base acceleration, deceleration, and velocity must be modifiable
after dehvery (\1,214(51), 2423(62), 24631(67))

:Rationale he appropriate units of acceleration and deceleration must be de-
termined through trial and error. In addition, hardware changes in the robot or
temporary or permanent operational changes in the OFP and the OFP environ-
ment could require changes to these values in the future.

Safety-Related Design Constraints

MAS2S C1 The mobile base must move only when commanded by the operator
or when commanded by the TSS and approved by the operator (—H13s)) (<~ MAPS-
FR2.5(3)).

MARS C1.1 MAPS must not enter Operator Mode unless the joystick is
physically connected to the robot and the joystick is in the neutral position

(42.4.6.1(55)).

MAS2S C1.2 The robot must not move unless the deadman switch is depressed
(12.4.2.1(61), 2.4.5.4.1(65), 2.4.6.3.3(67))-

MARS C1.2 If the operator releases the deadman switch and then later de-

presses it again, all previous commands must be ignored and a new command must

be issued before any robot movement occurs (12.4.2.52), 2.4.7.3(6s), 2.4.5.4.1(65)).
:Rationale A long enough time may exist between releasing the deadman
switch and depressing it again that the environment may have changed and
previous commands may no longer be safe.

MARS @&1W  hen the safety fuse is in the HALT state, the mobile base must
not be capable of performing any kind of movement (—H1sq), H5(39)).

MARS 1. MAPS must not begin movement if the safety fuse is in
the Halt state or if the state of the safety fuse is unknown (12.4.2.1(61)).

MASES &2 MAPS must stop all movement and notify the operator if

the safety fuse goes into the Halt state during a move or if the state of the
safety fuse is not determinable (12.4.2.2(1), 2.4.5.4.3(6))-

MARS €1. MAPS must reinitialize itself and all the subsystems it controls
when the safety fuse changes from HALT to SAFE state. Any previous uncompleted
movement commands must be discarded (2.4.7.1(s), 2.4.7.4(69)).
:Rationale  he system may be nonoperational for a long time while the
problem that triggered the safety fuse is being identified and fixed. When
the system is restarted, the environment around the robot may have changed
and the previous movement commands may be inappropriate.
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MA®S C2 The mobile base must stop when commanded (—H1sg).

MARS C2Rl elease of the deadman’s switch must cause the robot to cease
motion. Motion must remain disabled until the switch is depressed again ({2.4.2.21),
2.4.5.4.3(66), 2.2.1.3(57)).

MARS C2.2 When the operator releases the deadman switch, the robot must

decelerate quickly to avoid rolling into the obstacle the operator is trying to avoid

(J,2.2.1.3(57), 2.4.5.2(63), 2.4.2.3(62), 2.9.7(30)).
:Rationale  he operator is tasked to release the deadman switch during
a move when the robot is about to impact an obstacle. Rapid decelera-
tion is required to avoid rolling into the obstacle the operator is trying to
avoid. However, such rapid deceleration is hard on the robot mechanisms
(see MAPS-C2 above) and should be used only when necessary to avoid a
hazardous condition.

A sEppm he maximum allowed velocity of the robot shall be such that
the robot will come to a stop 0.5 seconds after releasing the deadman button
((-MC—SCl(27), MC—SC?(27), COH5(33), COI]6(33)).

MARS C2. If the robot is in Operator Mode and the joystick is returned to
the neutral position, all robot motion must cease ({2.4.6.3.3(7))-

MAS2S C3 The mobile base must not be commanded to an occupied position
(_)H]_(SG)).

MARS C3l T he operator must be kept informed of the location of the robot
and of obstacles in the work area (12.4.2.2(1), 2.4.3.2(63), 2.4.5.1(3), 2.4.6.165))-

MA¥S C2R Human override capability must be maintained at all times in
either operating mode (\1/2422(61)7 24543(66)7 24633(67))

MARS CBW  hen operating in Computer Mode, MAPS must notify the user
interface of the direction and route of a move and must require operator permission
before commencing motion ({2.4.5.4.1s5)).

MARS C4 The manipulator arm must move only when the stabilizers are fully
extended (—H3(ss)).

MARS Cd4 MAPS must ensure that the stabilizers are fully extended prior
to enabling manipulator arm movement. (]2.4.4.2(3)).

MAS2S C5 The mobile base must not move when the stabilizers are extended
(—)H2(37)).

MASS Cal The stabilizers must be retracted prior to commencing motion
(12.4.2.1(61), 2.4.4.1(63)).

MARS CR If stabilizer retraction or deployment fails, MAPS must notify
the Operator and the T'SS of the failure (2.4.4.3(s3)).
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MARS CH  Wheel motors must be turned off while the stabilizer legs are ex-
tended and powered back up when the legs are retracted (12.4.4.1(g3), 2.4.4.2(63)).

MARS C6T he manipulator arm must be stowed during all mobile base movement

MARS C7T he stabilizer legs must be deployed whenever the manipulator arm is
not stowed (—H3sg)).

MARS C71 The manipulator arm must not be extended when the stabilizers
are retracted (12.4.4.1(3), 2.4.4.2(3)).

MARS C?2 T he stabilizers must not be retracted until the manipulator arm
is fully stowed ({2.4.4.1(3)).

MARS C8 The mobile base must not move if any safety-related subsystems are
nonoperational (—H1sg)).

MASS C8 MAPS must check that all safety-related systems are operational
before beginning any move ({2.4.1¢1), 2.4.2.1(61), 2.4.2.2(1)).

MARS C9 Movement warnings must be provided (—H1(sg)).

MARS C®  isual movement alerts must start 10 seconds before mobile base
movement begins and aural alerts must start 5 seconds before movement begins

(12.4.2.1 (1))

MARS CB  oth visual and aural alerts must be activated continuously until

movement is completed (12.4.2.1(1)).
{Rationale he aural and visual alert system is provided to prevent injury
to any humans in the area. Becuase of the relatively low acceleration and
velocity of the robot, five seconds should be adequate to allow humans to move
out of the way. Alerts that begin too long before robot movement may lead to
human delay is moving out of the way. The longer period for the visual alert
is provided to allow humans to complete any critical actions before moving.
These times may need to be changed on the basis of operational experience

(16.1).
MARS @1 The mobile base must not move while the DMES system is in operation

[not implemented yet].

1.4.2.4 Location System (IS)
Goals

Provide information about the location of the mobile base in the processing facility to
be used in moving to a new work area (—LS-FR1(27)).
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Requirements

LS-FR1J pon request the location system shall provide the location of the mobile
base in world coordinates with an accuracy of 4= 10 centimeters. (|2.1.8(s3), 2.4.1(61),
2.4.3.1(62), 2.4.5.4.2(65), 2.4.6.166), 2.4.2.6(62), 2.8.1(77)).

1.4.2.5 Motér ntroller (MC)
Goals

Control the wheels and wheel motors on the mobile base.

Requirements

MC-FR1 The motor controller shall provide power to the motor that drives the robot
wheels (12.9.579)).

MC-FR2 The motor controller shall provide modes of operation appropriate both
for control by an automated system and for control by a human (]2.1.6(s9), 2.4.5.2(63),
2462(66)’ 295(79))
Design Constraints
MC-C1 The acceleration and deceleration values and velocity must be changeable by
the operator during operations («+~MAPS-C3(24)) (T2.2(59), 2.9.7(s0))-
Safety-Related Design Constraints

MC-SC1 The Motor Controller must be able to stop the motion of the mobile
base within 0.2 seconds of receiving a STOP command (—MAPS-SC2.25), Hl )

(42.9.7(30)).
MC-SC2 The maximum velocity of the robot must be no more than 30 cm/sec.

(—=MAPS-SC2.2(25), Hlzg)) (12.1.6(s), 2.4.6.2(66), 2.4.6.3.1(67), 2.9.5(79))

1.4.2.6 Digitéhera (DC
Goals

Provide information to the operator about obstacles in the path of the mobile base
during movement (—H1 ).

Requirements

DC-FR1 The digital camera system shall provide ... (12.13.1(s7), 2.13.2s7)).
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1.4.2.7 Mamifator (MA)
Goals

Raise the inspection (vision) system and injection system components to the level of
the tiles.

Requirements

MA-FRI1 he manipulator arm system shall provide the mobility necessary for
the inspection and DMES injection tools to reach the tiles on the orbiter ({2.10.1(sy),
2.10.3(s1, 2.10.4(s1))-

MA-FR2 The manipulator arm controller shall provide the status (position) of the
arm upon request directly to the TSS, the operator, or MAPS (depending on the
source of the request). (—=MAPS-SC4 (25, MAPS-SC626), H3(38), H4(38)) (12.1.10(54),
2.4.2.1(61), 2.4.4.1(63), T4.2.2(50), T5.4(60))-

Rationale n the original CMU design, the TSS received information about
the manipulator arm and was responsible for determining whether movement was
allowed. However, because of the importance of the information for safety and
the difficulty of verifying Al software, the system design was changed so that the
information can be obtained directly by MAPS.
Design Constraints
MA-C1 The manipulator must be designed to be manually operated should the need
arise (\L2103(81))
Safety-Related Constraints

MA-SC1 The manipulator arm design must keep the inspection and injection tools
steady enough to allow accurate operation (—H4sg)) (12.10.5(s1))-

MA-SC2 Movement of the manipulator arm must be capable of being disabled by
the operator or by MAPS (—H4s)) (1T7(60), 2.1.10(54)).

1.4.2.8 DME#hjon Subsystem (B)
Goals
The DMES Injection Subsystem shall apply the DMES to the tiles (12.11g3)).

Requirements

IS-FR1 The injection system shall be controlled entirely by the TSS.

IS-FR2 The injection tool shall release DMES into a tile (2.11s3)).
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Safety-Related Design Constraints

IS-SC1 DMES injection subsystem operation must be inhibited when the manipulator
arm is stowed or in motion ({7?7).

1.4.2.9 Vision Subsystem (VS)
Goals

Perform the tile registration and inspection tasks.

Requirements

VS-FR1 The vision system shall be able to identify individual tiles ... ({2.12gs)).

1.4.2.10 System Log (9
Goals

To provide an automated data recording and information transfer function.

:Rationale his automated function is expected to increase the data integrity,
completeness, and accuracy of reports and thus to provide great value in tracking
and planning work. Robot status information should be helpful in monitoring
robot operation.

Requirements

SL-FR1 The system log shall be capable of holding the information collected during
a work shift (12.14gg)).

SL-FR2 The system log shall contain the information determined during system de-
sign to be useful for operations, maintenance, and safety or operations audits, including
at least tile images, records of tiles injected or inspected, and robot status information

(12.4.8(9))-

SL-FR3 FR: Upon request, the system log shall transfer the information collected
during a work shift to the Workcell Controller ({2.14sg)).

1.4.2.11 Sty Systems (EmidMéing lerting)

Three subsystems of the mobile base are included solely to maintain safe operating condi-
tions: a smart fuse, proximity-sensing, and alerting.

1.4.2.11.1 Sﬁ@e (S
Goals

Provide an emergency stop function.

29



Requirements

SF-FR The emergency stopping of the mobile base or the manipulator arm mo-
tion shall be performed at a low hardware level via safety circuits (—H5(39), MAPS-
SC1.4¢24y) (12.15.1(gyy).

SF-FR If the fuse detects an unsafe state, all robot motion shall be electrically in-
hibited within 0.1 seconds by stopping the operation of any hardware actuator on the
mobile base, including those controlling the wheels, the manipulator arm, and the
injection system (—H1(sg), H5(39), MAPS-SC1.4(24)) (12.15.2(9y)).

SF-FR Upon a status request, the safety shall indicate whether the robot is in a state
where it can be moved safely or not (12.15.3(9)).

SF-FR Only the operator shall be able to reset the safety fuse (—OP432)) (12.15.4(91)).

:Rationale e have changed this feature from the original CMU Tessellator
robot design. Providing the software, particularly the TSS software, which is
written using Al techniques, with this function will involve a safety analysis that
would be at best expensive and at worst impossible. The triggering of the safety
fuse indicates a serious condition that could lead to robot or orbiter damage and
requires a high level of assurance that the condition has been removed before
enabling movement again.

A stjpms The safety fuse will be triggered rarely, on average no more than
once a month. Frequent shutdown of the robot by the safety fuse could lead
to inefficient operational performance and attempts to bypass the fuse. During
system testing and operations, the frequency of safety fuse operation should be
monitored (}6.1).

SF-FR The operator shall be able to query the safety fuse for the cause of the shut-
down (\L2153(91))

1.4.2.11.2 Broising System (B8S)
Goals

1. Protect flight hardware by providing proximity sensing.

Requirements

PSS-FR1 The contact strips in the Proximity-Sensing System shall send a signal
to the safety fuse in the event of contact with any external object (—H1(ss), H4(ss))

(42.16.2(g3))-

‘Rationale he safety fuse can stop the base faster than a human operator can
detect a signal and react. However, this system design decision has important
ramifications with respect to operator complacency and alertness. Training and
operational audits should be used to ensure that operators are not overly depend-
ing on the Proximity-Sensing System to avoid accidents (]6.1).
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1.4.2.11.3 AwN an  isdelt System (AS)
Goals

Provide warning about mobile base movement to any humans in the area of the robot.

Requirements

AS-FR1 Whenever the robot is in motion, aural and visual indications shall be pro-
vided to alert humans in the vicinity (—=H1(s4), 42.17(95)).

:Haitionale oth aural and visual alerts are needed to account for any individual
human visual or aural deficiencies. In addition, visual warnings may be provided
earlier than the aural ones in order to provide longer advance warning before more
disruptive aural signals.

AS-FR2 The mobile base movement alert system shall be controlled by MAPS

:Rationale As MAPS provides all commands to the motor controller, it knows
whenever the base is about to start movement and when it has stopped.

AS-FR3 Additional alerts, such as alerts about manipulator arm movement or DMES
application, shall be provided as deemed necessary in the safety and human factors
analyses.

1.4.3 Operator Task Requirements

This section contains assumptions, requirements, and constraints tnvolving operator tasks
and behavior. The information is used in the operator task analyses, the design of the operator
interface, the MAPS logic, operator procedures, operator (user) manuals, and training plans
and programs.

OFF R1 The operator shall supervise all robot base movement (—H1sq), H2(37),
H3(38)7 H4(38)a COH1(32)) (\LT4(59), T5(60)) and tile servicing (J,Tl(f,g), T7(60))

A stom obs will be defined so that movement will occur approximately
every half hour.

:Rationale f the operators are required to interact every few minutes with the
system in order to monitor base moves, then the attractiveness of the system to
users is far less than one that needs only infrequent attention. Therefore, the
size of the work areas will be adjusted to satisfy the goal of approximately one
base move per half hour. Once per half hour translates roughly into 80 moves
during the course of rewaterproofing the orbiter, which results in a workspace of
300 tiles. In addition, with approximately 15,000 tile servicing steps and only a
few hundred base moves at most, total task time is affected primarily by time to
service a tile and very little (in comparison) by the time to move the mobile base.
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OFPF R2 The operator shall authorize all robot base movements before they are
performed, including movements commanded by the TSS (—Hl(ss), H2(37), H33s),
H4(38), COH5(33)) (\LT42(59), T55(60))

:Rationale  he TSS can drive the robot more smoothly and directly than the
operator, but the operator is required to oversee the robot movement both to
monitor the TSS movement for errors and for safety assurance. With the override
control, the operator can stop the motion at any time and observe progress of the
robot in the course of a move. This design feature was included in the original
Tessellator robot because it allowed a simple to implement upgrade path for the
software for robot autonomy. The operator-override option allows full-autonomy
mode but also allows the robot to be shut down at any time by the operator.

OPF RA he operator shall stop the robot immediately if any obstacle appears in
the robot path (—>H1(36), COH5(33), COH6(33)) (J/T432(59))

A sEpm he operators will have adequate visibility (direct or via the digital
camera) of the work area to prevent collisions. Movement time and speed will be
such that operator alertness is not a factor.

OFPF R4 he operator shall be responsible for handling safety fuse alerts and for re-
setting the safety fuse when the system is ready for restart (<-SF-FR4 3, SF-FR5(30))
(LT8.1(60), 2:15.3(01), 2.15.4¢01))-

OP5 The operator shall be able to drive the robot independently of the TSS by use
of a joystick (—Con2(s3), Con3ss), Cond(ss), 1 T5(60))-

:Wationale  hile the computer can move the robot more precisely, human robot
movement control may be safer in situations where the environment is uncertain
(e.g., locations and times in the OPF when humans are working in the area where
robot movement is necessary). In addition, this design feature will be useful if
during operations it is determined that simply monitoring robot movement leads
to inadequate alertness on the part of the operator and more direct control is
necessary to assure safety.

1.4.4 Controls

Goals

Allow effective achievement of all assigned operator tasks and responsibilities as deter-
mined by the task analysis and system safety analysis.

Requirements and Constraints

Cofil ontrols shall include at minimum a joystick and a deadman switch. Additional
controls, such as dials, switches, buttons, or keyboard shall be provided as deemed
necessary to perform the tasks identified in the operator task analysis (<—OP13))

(12:257), 2.3(59))-
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Con2 A joystick shall be provided to allow the operator to control the movement of
the robot base (<~OP5(32)) (12.2.2(57), 2.4.66))-

C81'  he operator must be able to provide fine-grain enough movement of the joystick
to control robot motion accurately enough to avoid obstacles and damage to the Shuttle
or the robot ((—OP5(32)) (\1,222(57), 2-4-6(66)7 24631(67))

Cdn The joystick shall be capable of being effectively operated by a man or a
woman with average manual dexterity and strength as defined in IEEE Standard XX

Cén The operator shall be provided with a deadman switch that allows or inhibits
robot movement. Movement must stop within 0.5 seconds after releasing the deadman
switch (_>H1(36)a MAPS-SCQl(gs)) ((—OP2(32), OP3(32)), (J/2213(57))

A stijm he deadman switch will be used as the primary means for the
operator to authorize and to stop robot movement.

Cén The operator shall be provided with an emergency stop facility that stops all
robot motion, including the manipulator arm and injection system, within 0.5 seconds
of activating it («—OP3(32)) (12.2.1.2(57)).

:Rationale hile the deadman switch will be used to stop movement of the mo-
bile base, the operator needs the ability to stop other moving parts on the robot in
case of emergency. The emergency stop button, which will be directly connected
to the safety fuse, also provides a backup to the deadman switch (which is im-
plemented through software) in case the robot does not stop when the deadman
switch is released because of a software error, system design error, or hardware
failure.

CanU pon request, the joystick controller shall initiate a joystick calibration (2.2.2.1ss),
2.3(59)).

C8n A person with a high school education must be able to learn to operate the
robot accurately and safely with two hours of training and practice (4.3, 2.4.6.2()).

1.4.5 Displays

Pis 1 The GUI and other control panel displays shall provide the oprator with enough
information about the status of the robot and the work area that the operator is able
to avoid hazards and to perform necessary operational tasks as determined by the
operator task analysis (12.2.3(ss), 2.3(59))-

Pis 2 The displays must be understandable and usable by the average high school
graduate after thirty minutes of training ({4.3).
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1.5 Hazard List and Hazard Log

1.5.1 Adait Defi nition

An accident is an unacceptable loss, as defined by NASA Shuttle program management.
Unacceptable losses and their severity levels are:

Lel

A1-1: Loss of orbiter and crew (e.g., inadequate thermal protection)

A1-2: Loss of life or serious injury in processing facility

Le?

A2-1: Damage to orbiter or to objects in the processing facility that results in the delay of a
launch and/or result in a loss of greater than TBD dollars.

A2-2: Injury to humans requiring hospitalization or medical attention and leading to long-
term or permanent physical effects.

Led

A3-1: Minor human injury (does not require medical attention or requires only minimal
intervention and does not lead to long-term or permanent physical effects)

A3-2: Damage to orbiter that does not delay launch and results in a loss of less than TBD
dollars.

A3-3: Damage to objects in the processing facility (both on the floor or suspended) that does
not result in delay of a launch nor a loss of greater than TBD dollars.

A3-4: Damage to the mobile robot.

A shppm t is assumed that there is a backup plan in place for servicing the
orbiter thermal tiles in case the TTPS has a mechanical failure and that the same
backup measures can be used in the event the robot is out of commission due to
other types of damage.
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R5. Sa ety Policy

General Safety Pegli All hazards related to human injury or damage to the orbiter
must be eliminated or mitigated by the system design. A reasonable effort must be made
to eliminate or mitigate hazards resulting at most in damage to the robot or objects in the
work area. For any hazards that cannot be eliminated, the hazard analysis as well as the
design features and development procedures, including any tradeoff studies, used to reduce
the hazard level must be documented and presented to the customer for acceptance.

Hazard level will be determined by worst potential severity. Hazards that can result
in human injury or damage to the orbiter must be eliminated or mitigated if they are not
judged to be physically impossible or they are caused by physical conditions that are judged
to have a likelihood of occurrence of more than one in a million over a 20 year period. All
types of software (logical) errors will be considered to be possible and likelihood arguments
cannot be used to reduce safety effort related to those errors. A qualitative evaluation of
software-related hazard likelihood is acceptable, but as with quantitative evaluations, must
be justified to Shuttle Program management and cannot be based simply on the use of testing
and good software engineering processes.

1.5.3 Haal Ig

The following hazards have been identified for the mobile robot. Only those hazards related
to the operation of MAPS have been evaluated in detail for this example intent specification.
A complete system hazard analysis would require full analysis of all the hazards.

Hilation of minimum separaition(twedn mobile base and ob cluding orbiter
and humans.)

Subystem :
MAPS, vision system, proximity sensing system, motor controller
location system, visual and aural alert system, operator displays and controls
Opferation Phase movement from one work zone to another
High-Leel Causal Fators
Uncommanded or unintended motion;
Not stopping when commanded or not stopping fast enough;
Operator issues command that violates minimum separation
between robot and object;
Mobile base commanded to unsafe position by TSS;
Movement commanded when a proximity-sensing or other safety-related
hardware system is inoperable;
Object moves into robot path.
Lel anHff Al1-2
Safety Constraints
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Mobile base must move only when commanded («<~MAPS-SC1(54), MAPS-FR2.4(25));
Mobile base must stop when commanded (<~MAPS-SC2 25y, SF-FR2(30) SF-FR13¢));
Mobile base must not be commanded to an occupied position (<+~MAPS-SC325));
The operator shall supervise all robot base movement (<—OP13;));
The operator shall authorize all robot base movements before they are performed,
including movements commanded by the TSS (<~OP2(3,), Condss));
The operator must have information about objects in robot path and the ability to stop
the mobile base within 0.5 sec (<~OP2(32), OP3(33), Displ(s3), Condss), Conbs3));
Movement warnings must be provided («~MAPS-FR6y3), MAPS-SC996), AS-FR1(31));
Mobile base must not move if any safety-related subsystem is not operational
(<—MAPS—SC8(26), SF—FR3(30), SF—FR4(30));
The motor controller must be able to stop the motion of the mobile base within
0.2 seconds of receiving a STOP command («+—MC-SC127));
The maximum velocity of the robot must be no more than 30 cm/sec («~MC-SC2(,7));
The proximity sensing subsystem shall send a signal to the safety fuse in the
event of contact with any external object («+—PSS-FR13));
It must be possible to move the mobile base out of the way manually
in case of an emergency (<~MB-SC330))-
Analyses Performed
Actions Takn:
Status
Yihion
Ffitmls &3ia t Sthtus
af@aneer

Remar

HR2erasthodtabidvement tended

Subystem : MAPS, stabilizer legs
Opferation Phase Movement from one work zone to another
High-Leel Causal Fators
Robot moves without retracting stabilizers
Lel anlff A3-4
Safety Constraints
Mobile base must not move if stabilizers are extended («<~MAPS-SC55));
Stabilizers must be retracted during all mobile base movement
((—MAPS—SC5(25) i2.6.4(73)).
Analyses Performed
Actions Takn:
Status
Yihibn
Fjistmk&diat Sthtus
:1anker

Remar
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HB:

H4:

obot base becomes unstable

Subystem : MAPS, stabilizers
Opleration Phase All
High-Leel Causal Fators
Stabilizers not deployed while arm extended;
Stabilizers retracted while arm extended
Robot falls over while crossing covers or other obstacles
Lel anHff Al1-2
Safety Constraints
Manipulator arm must move only when stabilizers are fully deployed
Stabilizer legs must not be retracted until manipulator arm is fully stowed
(<—MAPS—SC7(26)).
Analyses Performed
Actions Takn:
Status
Yihion
Ffitmls E3iat Sthtus

1f@pseer

Remar

Manipulator arm hits something

Subystem : TSS, MAPS, vision system, arm controller, proximity-sensing system
Opferation Phase All
High-Leel Causal Fators
Arm commanded into an object;
Mobile base moves without arm being completely stowed
Lel anlff A2-1, A2-2
Safety Constraints
The manipulator must be stowed before movement starts (<~MAPS-SC6(36), 12.10.2(51));
The mobile base must be able to ensure accuracy of 10 cm for positioning
and 1 mm for tile servicing (inspection and injection) tasks (<~MB-SCl));
The T'SS must not move the arm unless the vision system is operational (<-TSS-SC1(s1));
The TSS must not command the arm into contact with any object unless
required for tile servicing («+~TSS-SC2(21));
The proximity sensing subsystem shall send a signal to the safety fuse in the
event of contact of arm with any external object («<~PSS-FR1(3¢));
The manipulator arm must keep the inspection and injection tools steady
enough to allow accurate operation («<—MA-SC1ss));
Movement of the manipulator must be capable of being disabled by the operator
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or by MAPS ((—MA—SCQ(QS)).
Analyses Performed
Actions Takn:
Status
Ytiion
F fiilalk&dint Sthtus
:figseer

Remar

HBmage to the robot caused by robot component operation or failure

Subystem :
Opferation Phase All
High-Leel Causal Fators Mobile robot operates with low oil level, ...
Lel anHff A3-4
Safety Constraints
When the safety fuse is in the Halt state, the mobile base must
not be capable of performing any kind of movement (<—SF-FR2(30), MAPS-SC1.4(5y)).
Analyses Performed
Actions Takn:
Status
Yitton
F sk &diat Sthtus
afipseer

Remar

Heie sson

Subystem :
Opferation Phase
High-Leel Causal Fators DMES achieves explosive mixture
Lel aunlff Al1-2
Safety Constraints
The mobile base design must protect against fire and explosion (+~MB-SC2 )
Analyses Performed
Actions Takn:
Status
Yihion
F ol Ein t Sthtus
:danker

Remar
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Mg act of human

Subystem : Injection system, TSS, vision system
Opferation Phase

High-Leel Causal Fators DMES released in wrong place
Lel anHff A2-2

Safety Constraints

Mobile base must not move while DMES system is in operation (<~OP2ss));

Chemicals must not be injected without providing a warning to humans
in the area («~TSS-SC321));

The injection system must not be operated unless the mobile base is stopped
in the work zone and the manipulator arm has moved the injection tool
to the proper tile (<~TSS-SC4z1))

DMES subsystem operation must be inhibited when the manipulator arm is
stowed or in motion (+IS-SC1z9))

Analyses Performed

Actions Takn:

Status

Yihion

F fistmls &350 t Sthtus
1fiaseer

Remar

Hi®xdequate thermal protection

Subystem : Injection system, TSS, vision system, MAPS, workcell controller
Opferation Phase All plus operation of Orbiter
High-Leel Causal Fators
Damaged tiles not detected;
DMES not applied correctly
Lel aunlff Al-1
Safety Constraints
The job (instructions) provided to the mobile robot must not
result in any tiles being missed in the inspection or
waterproofing process (<~WCC-SClg));
Analyses Performed
Actions Takn:
Status
Yihion
F fistmls E3ia t Sthtus
1f@pseer

Remar
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b Poel imar Hazard Andy s

This section provides tmahaplalygis theed an intent specification.
dddher types of ha levelanalyses or analyses of other system properties (e.g., security)
could and should also be part of an intent specification. The information provided by this ha

ard analysis is used to genkrted faafety ctional requirements and design constraints.
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)

. MAPS Sstn Limitations

Limitations may be related to basic functional requirements that cannot be completely im

plemented, to environmental assumptions, or to accepted risks, iaedsHhaat cann ot be

completely eliminated, mitigated, reduced to an acceptable level, or tmapame other

solved satisfactorily.fc$uitte ldewigrtions may a of the operational procedures

and entries in the user or operator s mlanumwimplete intent speci feddion, links

be provided to both the reason for the limitations (e.g., part of the safety analysis or a de

scription of the environment) and to any relevant operational procedures and user manual
thbprbtiebly 'Fhis secton ot be completed until the system development is complete.

[Incomplete — examples only]

L1: Accuracy of positioning is limited by the accuracy of the information provided to MAPS
by the Location System (—H1, H4).

L2: Accuracy of positioning is limited by the accuracy of data provided to the Location
System on the position of the orbiter in the OPF (—H1, H4).

A stipm his limitation can be partially controlled through operational
procedures.

L3: Because the location system can only work while the robot base is stopped, operator
display information about the current position with respect to the commanded route
of travel may be inaccurate.

A sbppm t is assumed that the operator will be told about this limitation
and will rely primarily on the vision system during robot movement (}5.1, 5.2).
The display of the commanded route of travel will be used only to understand the
computer’s intentions.
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R Vdatio n and Vad ation

1.11.1 R Procedi®emipants
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Level 2
Sstn Design Prte

Hoiv ¢l idhdagele stnsn decisions iwathé level belo
presents any basic prindmpleshmsystem uttbbdsoy abepebaksho

{keglirements are achieved, in  ’raldndbdeatsyand design features
w nobeglatedeattheand describes ho thlleslgn constraints are

HBylistcad. used to provide this information for MAPS as it appears to be the most
veppooperatgpfer dhengarticular system.
be used, e.q., a combination ofipddish diighdrhs muakt appropriate for
specifying the design and rationale behind the design of some types of control algorithms.
Note again that tendidetenglofore completed is implied by the numbering
Ht ke dibdepbmmlteont] pirocf stes auglst focus
fofisttheehigher levels uHmenst dfkelghpogced levglsrallel.
The important part is that at the end of the development process, all the levels are complete
HAalthgstem assessment is possible (such as a system safety evaluation for a safety
critical system) and so that operations and system evolution and maintenance can proceed
efficiently and safely.

In this level, only the specification for the mobility and positioning are completed although

enough is provided about the other comporimmitd be shouired to complete
the specification.

eering notations could
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2.1 TTSS Componet Ihte Design

[This section for the interface specification has been completed for MAPS only.]
The TTPS components interact in the manner shown in Figure 2.1.

2.1.1 Tile Sgrin Shystem
TSSs>  MAPS

Map -Mow Used to command robot movement. The parameters indicate a route that
MAPS is to follow (a set of waypoints), with the last point on the route being the desired
work zone.

Map -Bisa Used to indicate to MAPS that movement is currently not legal. For
example, this would be used to indicate that DMES application has not been completed or
that the manipulator arm is not ready to be stowed.

Map -Eda Used to indicate to MAPS that movement is currently legal. This message
is used to reverse the Maps Disable message.

MA$-= TSS

Status-Message Used to return the success or failure of the Maps Move command. A
status message is also generated any time Computer Mode is entered or exited. The message
will contain a code indicating the success or failure of the commands, the latest position
of the robot, and the command to which the status message is responding (if any) (1'TSS-
FR2.3(21)).

21. Display

MA®- Ipa

MASX? oprating -mode Sent whenever the MAPS operating mode changes. Contains
the new operating mode.
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is -Position-Rpert Sent any time MAPS reads the scanner and determines a new
position for the robot. The parameters represent the location of the robot (X,Y, #hd ) with
respect to world coordinates. This information can be displayed numerically or graphically.

Mis -Request-Mow® -Permission Sent prior to making any move. The route speci-
fied must be displayed to the operator, preferably in a graphical fashion. The route consists
of a number of points, beginning with the current robot location. The set of waypoints
contains X,Y,d coordinates of each waypoint that makes up the route. A maximum of 20
waypoints can be provided. In addition to displaying the route for the operator’s review,
the following textual message should be displayed:

“Permission to move along the displayed route is requested. Please depress and
hold the deadman’s switch to authorize this move. You may lift the deadman’s
switch at any time to suspend this move.

7

is -error Sent any time an error condition is encountered.

2.1.3 Cim¢lol

Contnlll —- MAPS

Sdle -Operator-Mode Used to switch MAPS into Operator Mode.

Sdle -Cupear -Mode Used to switch MAPS into Computer Mode.

Bisa -Operation Used to disable MAPS operation. The message will normally be
used during maintenance, for example, if some type of maintenance or checking operations

are performed on the joystick.

Eba -Operation Issued at powerup and after a Disable-Operation command.

2.1.4 Joystick
MA$- JEst

hysti -init Initializes the hardware to read values from the joystick. S ent once at
powerup.

Jhst= MAPS

Hhysti -zero Sent in response dd a  ystick-init command. Records the current offsets
as thee ra&XY, @ position. This should be called once with the joystick in the home position
(offsets may be hardwired later).
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Jickst -sdat Sent in response ¢d a  ystick-init command. It contains the status of
the joystick, either operational or not operational (i.e., unplugged).

Jickst -gbs Sent as a move command to MAPS whenever the joystick stops in a
non-neutral position and the deadman switch is depressed or whenever the joystick returns
to the neutral position. Includes the position of the joystick in x,y,# values, with a range
limit of -128 to +127.

Jiokst -Bfitonl Sent whenever joystick button 1 is depressed or released.

Jickst -Btiton2 Sent whenever the joystick button 2 is depressed or released.

2.1.5 Im Mapma

MA®> LgM am
Log Logs events identified by a “log code” into the log file.

HLl. Motor Controller

MA$- Mobt&® ntolle

Reset: Reset the motion control board to its default (powerup) state. Should be called
before any other actions are performed with the board. Sets the acceleration and deceleration
for all four motors to the same value. Also sets the maximum velocity (centimeters per
second). The velocity is measured at one of the wheel contact points. Velocity must be in
the range of 0 to 30 centimeters/second.

Move-veloi ty (X,Y,0): Used for velocity mode. When received, the motor controller
performs the kinematics on the body relative (x,y,d) velocity specified in (in/sec, in/sec,
radians/sec), and sets the appropriate wheel velocities. This routine causes motion to occur.

Movere lative (X,Y,0): Used for position mode. When received, the motor controller
performs the kinematics on the body relative (x,y,f) desired position (inches, inches, ra-
dians) and then moves the mobile base suing the acceleration and velocity values from
set_acceleration and set_velocity, respectively.

Stop: Causes the vehicle to decelerate to a complete stop. The motors remain on and
servoing. In velocity mode, all velocities are set to zero.

Motors_off: ulh s all four motors off to a freewheeling state. Any queued commands will
be flushed.
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Motors_on_veloi ty:uih s on all four motors and initializes them for velocity servoing
mode. Initial velocities are set to zero.

Motors_on_positiaih s on all four motors and initializes them for position servoing.
The position queue is flushed.

Mob&® ntoHe MA®

Motin -status: Sends the current motion status: (1) the movement mode, (2) the on/off
status of each of the four wheel motors, (2) indication that an error has occurred, and (3)
completion of a movement. Sent whenever the status changes.

Z1. |k

MA$-= Stbilize

Legs-Bm Causes the stiff legs to be deployed. If the stiff legs are already deployed, the
message has no effect. In either case, the error-status parameter returns a success or failure
code.

Legsty p: Causes the stiff legs to be retracted. If the stiff legs are already retracted, the
message has no effect. In either case, the error-status parameter returns a success or failure
code.

Positin -Request: Request for the stabilizer leg controller to provide the current status
of the stabilizers.

StbHize MAPS

Stabi #&S atus-Message: Sent in response to a legs-down, legs-up, or position-request
message or whenever the status of the stabilizers changes.

R1. LaSemner
MA$- Sam

&t can & ositin Requests the latest position calculated by the scanner

Sam—> MA®

Send-Positia Provides the current position (x,y,d) in world coordinates. Sent in re-
sponse to a Get-Scanner-Position message.
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Al1. Ha ety Circuit
MA®=  Skgl

Read-safety-circuit: Request for the safety-circuit status.

S MAP

Safety-CircuitéS atus: Sent in response t®Ra ead-Safety-Circuit message or whenever
the safety circuit status changes.

201.1 Arm Controller
MA$- Arm Contolle

CheckPAm  ositin R equest for arm status.
Ebl eAm Movement: Enables arm movement.

DisableAm Movement: Disables arm movement.

Arm Gutle MA®

s&rm atus: Sent in response to any command from MAPS.

2.1.11 Motion Algattem
MA®- Moip Ate Spsh

Check-alert ystem atus: Requests alert system status.
Actiz te visual-alert: Sent to initiate a visual alert.
Deactiz te visual-alert: Sent to stop a visual alert.
Actiz te aural-alert: Sent to initiate an aural alert.

Deactiz te aural-alert: Sent to stop an aural alert.

Moin Ate Sygsh — MAPS

Alert ystem atus: Sent in response to a check-alert-status message or whenever the
alert system status changes.
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2 Contrel and Digl

2.2.1 Go talP

n.2. The control panel provides the operator with the ability to issue commands
to the TSS, to MAPS, and to other system components as defined in Section 2.1 and
to check their status (1Conl(sz)).

m.2. Common actions such as setting Oper@tor or puter Mode are im-
plemented using button, dials, or switches rather than requiring more tedious and
time-consuming keyboard inputs or even mouse clicks (which can lead to repeti-
tive strain injury). Keyboard and mouse entries should be limited to infrequent
activities or those that cannot be implemented using buttons, switches, or dials.

222. The control panel includes an emergency stop button that directly activates
the safety fuse (11.4.2.11.1) and shuts down power to all the Tessellator components
at most 0.5 seconds after it is pushed. The emergency stop button must be located
where it is always within the operator’s reach and ... (1Can6 ).

2.2. A deadman switch is used to authorize or stop mobile base movement. The
deadman switch is activated by two joystick buttons, one of top and one on the bot-
tom of the joystick handle. Movement does not occur unless one or both buttons
are depressed and stops within 0.5 seconds after the button(s) is released (1Conbss),
MAPS-SC2.1(35), MAPS-SC2.2(55)).

2.2, The user interface can invalidate certain operator options (e.g., disable menu
choices or buttons) when such operations are not legal or are unsafe. For example,
selection of Computer dy  stick mode is possible only when the safety fuse is not in
the HALT state.

Ratial e: Although MAPS should ignore such illegal or unsafe commands, an
extra level of protection is provided by this redundancy. Care must be taken,
however, not to block any operator options that might be needed by the operator,
particularly in an emergency.

2.2.2 Jgst
(1Con2@ips) 4@m 7(33))
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2.2.2.1 The joystick controller must be initialized prior to use (at powerup). This
involves setting the maximum velocity; x, y, and # thresholds, max throw constants,
and speed factor (—2.4.6.3.1(47)). Defaults are provided but they may be reset at this
time. Joystick calibration may also occur at this time.

2.2.2.1 The operator drives the robot by deflecting a joystick in the direction the
operator would like the robot to travel. Deflection of the joystick away from the
operator results in forward robot motion while deflection towards the operator results
in backward robot motion. Deflection of the joystick to the left and right produces
corresponding robot motions to the left and right.

2.2.2.3 The robot is rotated by rotating the joystick handle. Rotation of the joystick
handle in a clockwise direction results in clockwise (as viewed from above) rotation of
the robot. Likewise, counterclockwise rotation of the handle results in counterclockwise
robot rotation.

2.2.2.4 Speed is controlled according to the amount of deflection of the joystick.
Motion is proportional such that a small deflection of the joystick results in a slow
movement while a larger deflection results in faster motion.

2.2.2.5 The joystick has a neutral position that signals the joystick is not commanding
any motion. The joystick provides its position relative to this neutral position in the
form of x, y, and 6.

2.2.3 B

The displays provide the following information: position of the robot, position of the legs
(deployed or not deployed) position of the arm (stowed or not stowed)th e route provided by
the TSS, the status of the safety fuse and the reason for being in the halt state if it is, a view
of the area ahead of and around the robot, and pictures of the tiles (in case the TSS needs
help to evaluate the state of a tile) (1Displ(ss), TSS-FR2.1(21y, MA-FR2(2g), —2.13.2(s7)).
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A Operator Task Design Pringle

The Operator Task Analysis should be tightly connected to the system design principles
Many of the desigralivitec ibbederpdhfectmskke task analysis
come from system design features.

BRAA fo MA®P

TatE er instructions for T'SS &b ellontroll er about Shuttle position and inspec-
tion sequence.

T2 Pw erup amdali ze Tesselator

T2.nitiali ze laser scannekand ma e any laser scanner bar code changes
T2.2 Set normal and emergency acceleration and deceleration values
T2.3 Calibrate joyskic
T2.4 Set Operator Mode parameters (ma  elocity; X,Y,0 threshholds determined dur-
ing joysktali ~ bration
T3 Set or change MAPS operating mode.

T3.1 Determine appropriate mode.
T3.2 Select mode.

T4 Monitor Computer-Controlled Movement

T4.1 Read displayed route
T4.2 Authorize all mobile base movement

T4.2.1hC eckthat stabilizers are retracted
T4.2.2 Checkhat th e manipulator arm is stw ed
T4.2.3 Read and checkdi splayed route

T448. Press deadman switch

T4.3 Monitor movement

T4.3.1 Monitor movement on screen

T4.3.2 Release deadman switch if obstacles are observed in the path

T4.4 Monitor display for status messages and process error messages
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T5 Control mobile base movement and positioning using the joyskic

T5.1 Switch to manual mode if in computer mode

T5.2 Check screen for obstacles

T5.3 Checkthat stabilizers are retracted

T5.4 Checkthat th e manipulator arm is stw ed

T5.5 Depress deadman switch

T5.6 Operate joyskic

T5.7 Release deadman switch and return joyskio n  eutral position

T5.8 Process error messages
T6 Checktil e state on screen of Wor ellontroll er if T'SS asks for help
T'7 Monitor tile servicing

T7.mHi bit manipulator arm movement.

T7.2 Enable manipulator arm movement.
T8 Handle errors and failures

T8.1 Handle safety fuse reset

T8.1.1uQ ery fusd or cause (—2.15.3(91))
T8.1.2 Tk e corrective action
T8.1.3 Reset fuse after problem has been fixed (—2.15.4(91))

T8.2 Process system error messages

T8.3 Notify maintainance about brea#o s

T8.4 Manually stamani pulator arm

T8.5 Manually extend or retract stabilizer legs

T8.6 Manually turn off wheel motors and/or disengage wheels from drivetrain

T8.7 Press emergency stop if unsafe conditions occur
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2 Movement ad Positioning Design Princi-
ples

2.4.1 MAPS Initialization

I9tenim ggtialization, M APS resets the motor control interface (—2.9.8(s)); initializes
the jostick (—2.2 1(s3)); establishes that the robot is in a proper and safe startup state
(the safefcircuit is in the SAFE state  (TMAPS-SC8.1(5, 2.15.1(91)), the mobile base is
stopped (—2.8.2.1(77y), and the Laser Scanner and Alert systems are operational (tMAPS-
SC8.1(2)); determines the initial position of the robot (tLS-FR1(y7)); and sends a status
message to the operator. MAPS does not accept any non-initialization commands (e.g.,
movement commands) until initialization is complete ().

2.4.2 Movement Control (General)

2.4.2.1 MAPS issues movement commands only if the safety fuse is in the SAFE
state (tMAPS-SC1.4.1(4)), the manipulator arm is stowed (tMA-FR2(), MAPS-
SC6(26)), the stiff legs are retracted (tMAPS-SC5.1(55)), the joystick is in the neutral
position (tMAPS-SC1.1(24)), the operator has depressed the deadman switch (tMAPS-
SC1.2¢24)), and the safety fuse and motion alert system are both operational (tMAPS-
SC8.1(26)). MAPS activates a visual alert 10 seconds before mobile base movement
begins and an aural alert 5 seconds before movement begins (tMAPS-FR63), MAPS-
SC9.1(26)- Both are shut down in Computer Mode when the final destination is reached
or the deadman switch is released and in Operator Mode when the joystick is returned
to a neutral position (1MAPS-SC9.2(5).

Rationale: The aural and visual alert system is provided to prevent injury to
any humans in the area. Because of the relatively low acceleration and velocity
of the robot, five seconds should be adequate to allow humans to move out of the
way. Alerts that begin too long before robot movement may lead to human delay
is moving out of the way. The longer period for the visual alert is provided to
allow humans to complete any critical actions before moving. These times may
need to be changed on the basis of operational experience (}6.1).

2.4.2.2 When informed by the TSS (tMAPS-SC2.1(s5)), the operator (via the dead-
man switch) (TMAPS-SC2.1(25), MAPS-SC3.2(25)), or the safety fuse (tMAPS-SC1.4.2(24))
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that motion is not legal, MAPS stops all movement operations and inhibits any fur-
ther movement operations until informed that movement is again allowed (tMAPS-
SC1.4.2(34), MAPS-SC2.1(25y, MAPS-SC3.1(95), MAPS-SC8.1(55)). Once movement be-
comes legal again, MAPS starts up in Operator Mode (tMAPS-FR3.1(53)).

Rationale: Starting up movement in the previously active mode was considered
but rejected for the following reason. There may be an extended period of time be-
tween disabling movement and enabling it again. The operator may not correctly
remember that MAPS was in computer mode, for example, and try to drive the
robot by depressing the joystick and deflecting the handle. This set of actions will
enable movement control by the TSS (because the deadman switch is depressed)
and-alltypestick commands will be ignored f mode confusion that could
be dangerous under some scenarios. If the operator wants computer control to be
active after a temporary stop, it will be easy to command it (+2.2.1.1.1¢57)).

234.2.  The default acceleration and deceleration values are normally used (TMAPS-
C2(23)), but acceleration and deceleration values can be changed via the user interface
(tMAPS-C324)). An emergency deceleration value is used for an emergency stop, i.e.,
when the operator releases the deadman switch (TMAPS-SC2.2(25)).

2.4.2.4 When commanding movement, translation in the x-y plane (lateral move-
ment) is performed first, followed by any required rotation. Either can be skipped if
they are not necessary (tMAPS-FR3.3(23)).

254.2. Dé&tion o A movement is considered com-
plete only when the robot arrives in the desired work area. In Computer Mode, the
work zone is assumed to be the last waypoint on the route. In Operator Mode, the
robot is assumed to be in the work zone only when the following two conditions are
Wojlihmeteadman switch is released and (2) the joystick returns to the neutral
position. A new movement command must be issued for further movement to occur

(tMAPS-SC1.3(24)).

264.2.  While external position information will be provided to MAPS in world co-
ordinates (1TSS-FR2.2(2), LS-FR1(27)), MAPS must issue commands in robot-relative
coordinates (—2.9.6), Therefore, world coordinate inputs must be translated to robot-
relative coordinate outputs. MAPS uses a standard package of matrix math routines
to do this conversion. [Need to put the basic algorithm to be used for translation here.]

2.4. Postion Determination (1FR4)

2 Bldtsystdrositidinldedtionination occurs immediately

Wekanhqratitegsagnechéginning and completion o Com-
kisjpetierhddotde, and the neutral position in Operator
Mode (TLS—ER (27)5 —>2.8.2.1(77)).
RationalebrPositove iketsedination a kefhd lprovide

previous commands in order to detect errors in carrying them out. MAPS must
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deelgitive daspbatambot position be
command to the motor controller. Ifisouamaime that the robot position
tethhesdaseé asozement command

22. Any time the robot position is determined, a message is sent to the user
fhe roffimténdicating the present location o TMAPS-SC3.1(25)).

2.4.4 Shkzation (TM AR5

2.4.4.1A Prior to movement being attempted, M PS turns the drivetrain motors on
(tMAPS-SC5.3(26)), ensures the arm dsto TMAPS-SC6(o6)), disables arm move-
ment (tMAPS-SC7.1(5)), and issues a command to retract the stabilizers (1MAPS-
SC5.1¢25))-

2.4.#@ne,(OMce the robot has arrived at the commanded PS com-
thaatalsiiepteyment o TMAPS-SC7.1(96)), turns the motors off (tMAPS-

SC5.3(26)). OnceAntfgdgtathilizers are PS enables arm movement

(tMAPS-SC4.1(35), M PS-SC7.126)f).. thmmiy ft e lietion o

ifietbin 2 .4.2.54).

2084. M In the event stabilizer retraction or deployment PS #iotihe
operator and the TSS offlare ( TMAPS-5C5.2(55)).
Rationale: The TSSwieeds to so it does not send any arm movement

comm adidtsfe i shpetitagnoseetls to be in
and repaired.

2.4. Comphir odyHtOp (tTMAFR 2)

24, &fibimki the operating mode changes to lemputer Mode, be
Aissuing any movement commands M o Shéirstoselectsnpiadition mode
fhe dobtetetardngreetitepasstadtmoreport to the T SS and
operator (TMAPS-SC3.1(25), TSS-FR2.3(; ).
232 Mikito In Computer Mode, the motors are controlled using position
mode (TMC-FR2(57), —2.9.5(79)). MAPS simall requests to the motor controller using
dHmpofiak e wekalive prowinehd, . Preset
acceleration, deceleration, and velocity values are used. The normal stop command is used
heatd gradual stop MAPS is completing a hwewethe emergency stop
| fnotfhe indeiometiath ddciarsddon i the
wcloperator through the deadman s TMAPS-C2(23), M PS-SC2.255)).
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2% Rie Datmation: Hilfedashice to the -

ofiedainon nsespage the TSS (1TSS-FR2.2xAM  PS-FR2.13;). A route
that contains zero length is logged as an error and a normal stop is commanded.
23. fDtedmifmoons to zero or more intermediate

fial kecatinn$ lacatithen a single movement to a

23. falf the desired movement consists o single route segment, the move is
lawne Ooothductedens robtohilgletion to the desired
Hhéhe haveonensistsesegment, then the move is conducted as a

wacsdegice line moves bet
5. MA BSmmavesathimggbeitbhedgtavetraight line
fied itottleernobeotinstnsediond the origin, to a point speci . Given
Aydidfiataoecdvhnd a PS issues the appropriate commands to cause the

v/Tobot to move a distance equal to 22+ y2. If Md@PS is given a rotation value
degrees, M Elegrstsuntkthe tabiis tbandinteposition
when the move command is given.

23. MA B ovildl medest d wrileg lateoee any time the
wchoprrhthe relbasepahsesleadman s

(Starting position)

(Pause requested by Operator)

_

new_6

new_Y

(Requested X, Y, 0)
new_X

Figure 2.2:fCalculation o Coordinates.

w KSkgidlth e« wvaleres position, ne dlues
atk computed by
New X = Final X — X'
new.Y = FinallY —Y'
new ) = Final 0 — 60

P If a move is calculated or commanded that results in a zero or near-zero
(less than &@utedtimeters) length, the move is not e

Rationale: This requirement is used to prevent commanding a near-zero length
"amadipedaagt d hus fehundditicoyréley limit o

ofhe Location System is 10 centimeters.
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24. Ngiint When operating in Cothputer mode, M PS accepts move-
o ddreriiands SS and issues motor commands to move the robot (tMAPS-
FR (22), M PS-FR21(22))

24.1 Befre starting motion, M PS flmtidthrectizen inter
ddsmdowduteplermission (tMAPS-SC3.3(25)). It does
rafteht et dhegigethe move until it detects that the deadman s
released to the depressed position (tMAPS-SC1.2(54)). MAPS then continues along
wchatbmraihe skpresstsl as long the s . Wchhésdeadman s
#eleased, M PS stops all movement, (tMAPS-SC1.3(54)) and reverts to Operator Mode
(tMAPS-FR3.193))-

Rationalefnthithdesioyarhendesd noampdete is
om dy to result drideetiopeadi@rt hpessi lim obstacles in

the computer-generated path&astepafimblyr
this point (see also 2.4.2.24) .

24.2 A For each motion command (either a rotation or a translation), M PS ths

dheaclimgnt robot position ( TLS-HR wen ), calculates the difference bet
the actual robot location and the desired robot location, converts the difference into a
drmmeblo¢ netaive move, and per . HspromwpMtion o PS

thearrdactingoation (—2.8.2.1(77))

Bt boryapduysical motion, there is a very real possibility that the

acttyual motion does not e match the intended motion. Kéedhie
éntsde anvororntendaromstmoaldse this potential
error.

. The built-in tolerances can be changed during system initialization
(tMAPS-C123) s Hothachizsieel] $oggtiemental moves are
wehttienmpaibrslésedl and commanded up to the ma

24.2.1 Deflition: fone adtempte iscansonied col
wollgmavesamaeh qreredaddand fhechmxget
has been reached.
25.2.2 Tadd/[ dr PSfcoseslim dbwdm lertinces
dr théighminderdieditet ¢alensadecations and a set o -
fipdetoomeolocation

24.2.2.1 If the robot is moving via intermediate locations, a loose
ftolerance o 6 inches and Duéehecastezmsetlate locations It

Adler 10 attempts the robot position is still outside the tolerance limits, M PS
fiotthe T S #ihenal tdie amsérsioper all motion

Rationale: Ten attempts should be adequate to reach the desired posi-
tiomfl Bamenmsteepassbably indicates a problem that needs
to be handled by the TSS or the operator.
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24.2.2.2 filirp the segnysietjdihe cur -

rent robot position and orientation are compared against the desired robot

location and orientation. fificredifiarerixénches or 1 degree
stétight tlerance) e 10 supplemental moves are calculated and at-

tempted. Iftkr 10 supplemental moves the robot position is still outside the
Atolerance limits, M PS #fiotthe T SSbmerthe user inter

and stops all motion (tMAPS-FR2.2(5)).

238, thefflervadiotocomsinues to move until one o
wtch is relbasellag arrived at the desired destination, the deadman s TMAPS-
SC2.104, M PS-SCasiighs)sehe¢Heasd FE state ( TMAPS-

SC1.4.2(34)), or an error condition is detected.

23, S tete M MAPSwwfilesithe messages

e When Géadpiier Mode is entered or e PS generates a status message to the
TSdcand the user inter

e WHAen M PS completes a commanded move, the TH3femdremeatser inter
(TMAPS-FR2.2(99)).

o If M PS fails to complete a commanded move, an error message is returned to the

difiyHegridiaiteasser inter TMAPS-FR2.259)).
Ae MNhdesthmtion has been reached, M PS fiesithe T  SS and the user
dietér TMAPS-FR2.2(39)).
ehhatheotement message is received SS when not operating in Computer mode,
MAPS returns an error message to the TSS and to the operator (tMAPS-FR3.4(53)).
Al kdgitettopu tacume de, M PS tfrms the operator

(tMAPS-FR2.4(9)).

2.4.6 Operator Mode (tMAPS-FR333))

28l. dre#Noitdle operating mode changes to Operator mode and be
issuing any movement commands (12.8.2.1(77)), M BSgystimeestediat the
and in the neutral position (tMAPS-Sdi.fhephateleatsntebdcity mode
diet¢r —2.9.8he) roletefmines the position o TLS-HR (o7)), and generates a
status report to the TSS and operator (tMAPS-SC3.1(55)).

242. ) operating in Operator Mode, all move requests are

made through a move-velocity command (tMC-SC2(37)). A multiplier (speed-factor) is used
kngydéio increase or decrease the velocity in . ddifloaysheetbe

séthn  dideeaimdechanged interactively during M PS escution . Stopping motion

is achieved by issuing a mdiBraeldcity request o 1EA4).

kedustod and Rationale: Move velocity commands are more appropriate
k deihaebeibanndich an operator
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control & e lanadngmnttoally e -
fiignmhore effective and e . It should also reduce training requirements, particularly
when an emergency or high stress situation occur (1Con8s3), MC-FR2(,7)).

2B ki fifleet i dalllrkt Maps converts operator deflections o
movement commands to the motors (TMAPS-HR (49), M\ PS-FR3.2(y3) yofiiranslation

world coordinatdsnted rabotesetdtede imoordinates is per paragraph
2.4.2.6(62).
231, MAPSwefilvapiesthe parameters that can be reset during

operations (1Con3ss)).
— Mazimum velokitjystihemreelocity that can be commanded by the

in any direction. The units usedfre inches per second and  and radians
@rtr second TEA4, M PS-C324)).
— X, Y, and 6 thresholds: These threshold values give the minimum amount o
rondrh Kelistidenctb o irastebmoved

the centered positimmlybitetivalues are determined during .
K pidtiostabevet return to the same absolute lo -
lvemiioaleased 7 zéfbhhenatenteanics are such that the
kisdipgleiljonariable JtAgtdresnk, the

ov kppettimeshghtly to atloindeflected
this difference.

— Joystick maximum throw constants: ghstorder to provide a proportional

dll  ddfstimoourdlative to the -scale deflection must be cal-
culatedciihaidmsaentitso one
ulf kisqitttitbigdnimnber that the

#s scale along the indicated a
— Joystick speed factorw Thedstestlere ailleystem integrator to select

Ot ghbedaduring run -time operations. The value
iseenally visible and dce;ahubedtsés hbtoinghnidee inter
dittube an operator . All movement commands are multiplied by this value

prior to being sent to the motor controller (TMAPS-C324), M PS-SC2.2(55) ).
didiime lacteptable speeds are set
okt bpeatloor feweeddcprene o ot digeds

dr differentbptirposesding different speed ranges

28. fhe kabgiidefientsobe scaled into a percentage o
pdsdilold. fhwe catiend reading to the total possible deflection is -

culated. This percentage is themuapplied to the ma possible velocity to yield a
scaled velocityntedn zero and the ma velocity, proportional to the reading
supplied.

2. kiggkstidhecbibottheobile base motion ceases
neutral position (TMAPS-SC2.3(25), M PS-SC3.2(55)). JdgHtictions are ignored
it theislaad dapressed ( TMAPS-SC1.2(34) ).
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261, Stae M

2.4. Movement Control Moel Séilen

At any titdAe, M PS is in osmffhetlesnly one o Initialization,
Gibedutbodelode, Operator Mode, and

2. cdillibiali PS enters initialization emople on po and
TMAPS—SCI.5(24)).

drefthe rolﬁtﬂp)airdasﬂmm t,jnpmgmg the state o

requiring the entire initialization sequence dind ensuring the robot is in a sa

dtatmbwement
22. O remetdll P#btmansitions to Operator Mode Initialization
Mode (tMAPS-FR3wkfpypnoramypshutdo TMAPS-FR3.1(23)),

fimidreddeaséohaor supon receipt o the Operator
to change to Operator Mode (TMAPS-FR2.5(53)). If a movement message is received
from the TS behigmoped atingam Operator Mode, that message

error message returned to the T'SS (tMAPS-FR3.4(23)).

2. Cadydhi PS changes to Cdimputer Mode only upon receipt o
nmbspatdectopdosmr ( <2.1.3(31 ) (TMAPS-FR2.3(2y)). Higystic

Witewperatdng raceived Computer Mode, that command is ignored and
an error message returned to the operator (TMAPS—FR2.4(22)).

Rationaldmtdbthiee Topehatnge to Operator Mode SS
aw asfest andzdmestaiting movement commands, the to do this is to
wchrelease the deadman s  rénfisaccidental movement o
hwbeitirtal position wComputer Mode should not result in a ne Mode or
movement commarnkl gysticthe . Operators should be trained to release
k gystic the deadman button in an emergency rather than to move the . While
wgnenchgktlggtivze a more natural action under stress, allo
dt yittthidwhadhcotdliesult in movement o

to avoid inadvertent robot movement.

When M whooieteives a message to change to Operator Mode, all current
and movement messages are discarded. Any subsequent computer-controlled movement
messages require a nerofndie cbmmand SS (TMAPS-SC1.324)).

orf tRmtimmader {bhietenstpl Computer Mode
ith dperation dssgilaydd, snshenbas detected a problem
disanditions along the route . In addition, the robot position or environment
ninje hnvepelrab@edlode, and previous movement messages may
be obsolete.
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2A. Haks 8 PSkHwekdvinde Hystem

d Wisrénnaostahent is unsa .e., Wwenidfiisdiatects that the sa
thetate . MAPS transitions tafinmtialization Mode wkaltelde Mode
usiyeturns to SAFE state ( TMAPS-SC1.5(34)).

Riakighaleobot is not operational, subsystems or the environment
immy change state Ahat assumed by M PS. Hiéedebbadg, the
kdransition ba¢heseCathratheirorépitiation todeo

drmatichoykkbsmed lapatadimgnwironment state in
MAPS.

&.4. lofkm ation aml Errdm

MiA Roves)pimneventseiitmaluldimg both errors or success TMAPS-
FRT7(23), —2.14(39)): Wtflevents are logged

dHyA move or command is completed success
— ietsanges to the
—udtglsanges to the SAFE state
— MAPS enters Computer Mode.
— MAPS enters the Operator Mode.
— A transition into Computer Mode is interrupted and cancelled.
— A transition into Operator Mode is interrupted and cancelled.
— MAPS operation is enabled.
— MAPS operation is disabled.
— MdPSuoperation is stopped due to the operator releasing the deadman s
a move.
— MitHiwmetlepwdsagdorat ion
— MARBsbggiantnnveoneptitalong a segment other than the
mode.
— MAPisat cagpheties im cvenpartienlong a segment other than the
mode.
— MAPS$ bebregmenement along the
— MAPS fimbwpgrtentnovement along the
— MAP#fhatsamptmaveetry o
st theenbieesbotdatimat location e
— MAHBycompletes a route success
— A motor control error is detected.
— kishesticonnected .
rafnkdjdeflected a A the neutral position, preventing M PS from en-
tering Operator Mode.
logesdttasiorcasatdaling
allsfiystibe initialization o
-dildet saiftidage
dildbepiosfinlegs o
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— MAPShesdurarbdei nat ibizh tlomscanner data
rofA hesHdannsrread .
— MAPS is unable to read scanner data.

70



2.5 Wdee 1l Controller

dertElkdem thedign laimciledeen created yet
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2.6 Mobile Base

Al < cHessidlatol actuators are stiff s higlssetiffimass design
s ersumeEcyhe robot TMB-SC129)).

2 Wealsmdorectheadbot smoothly in any direction and over cable
covers on the floor (1MB-FR2( ), H33s)).

Xreld difttetdedsoas rigid provide a very
Hathiftbasperate the manipulator ( TMAPS-FR3(23), H4(ss)). The base
elifi gebea iy udeeprebeier ¢in d
danboa b tiierggeageafn TMC-SC2(27) ).
rofn 4 $afs fifi legs) teanstre commanded to descend the base
and contact the floor. Current threshold is used to determine contact and provide
értsome indication o Jercethleestidfdegsaches a particular
rofiretldeayedto descend and contact the floor in order to provide a
lovitmmyidobase . Bafre the mobile base moves, the stiff legs must be

retracted. Current threshold is used to determine contact and provide some indication
afrte ( TH2(37),M PS—SC5(25), MB—SCl(go)) ((—217(53))

tf and WwelRwhiphmhdemabiée based are not so
have a high durometer rating, they are compliant enough to affect accuracies and

lbhabiHamtar arm reach. ¢ sraeded
Koutothis compliance and provide a stable, non deeompliant plat . In
difmablidetbaise imovearetd radtlico tlee amount o
folbsfleddnehtratiredntdas .g., some tiles

are above obstacles, such ddands, that the base cannot intrude upon), the
manipulator £ hasstaseinetimes reach out beyond the perimeter o
additional stability is required under these conditions.

& fthoswebibarbsse fmateriednsthattade o
lghtirinapialsleally sa TMB-SC2 20y, TH639)).
ith # Electrical compartments are sealed in aluminum enclosures and purged
gaseous nitrogejetibleabglipes cool the electrical compartments and the in
pladat circulating chemical-laden air through the electronic parts. (TH6s),
MB-SC220))
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Rationale: DMESmdlflentmable as . Electrical components need to
robe fibelatrwdnical
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2.7 Tile SEning  Sstie

[The TSS design principles have not yet been created.]
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2.8 I Subsyshe

Xl The location subsystefihgrobictesnthe location o world coordinates
dciljtshrdspect to a given position in the orbiter . To determine position

with the required accuracy, the location subsystendrmsegimhaser scanner and in

from the vision system (see 2.12(s5)) (1LS-HR (27)).

2 A rotating eye-shlaser scanner reads bar  -code targets that are precisely located
ity fiof i intbogpn kvt inrore o bar code targets gives

vidhtitasoeision . As other location systems become available,
this design may change.

fRightdatsblmgiinhree bar code targets remain
the location system at all times.

2.1 The laser scanner onlykids tlusitohotrdaakiags
immobile ((—2.4.1(@], 2 -4-3-1(62)7 2.4.5.4.2(65), 2-4-6-1(66))-
Rationale: The scanner triangulation calculations assume a static base and
& intmnotamontediet hebeh dasgsmo tian . If the
positioning system changes, then this design principle may no longer hold.

Astkipmpséde scanner for position determination at the
vll ashdginmifidiagter¢ipgspisition) as
ow itidftoertelit o¢ghloent o -course correction

during computer-controlled movement.

X0. 2ifile tiske laser scanner must be initialized by the operator be
fhe bharodedesflentbsshnner codes (the location coordinates o

w1 b rAtdnarhit il esetqoetigese locations a

Rffiencdagidi coriesipoadinigddaming three -

wonnthdmt idbiirstorhkepadviten wsrmear that is
kwoand measured as a normal procedure . This position and position error data
provides the ability to compute an orbitdmiacility trans . @¥eeond, the trans
ddibitry iherohobpildelaser positioning system . Third, the
fr fies thiwiphsiirelmsglyisiddnsed through the vision system,
Wo WEpEHeposition on the orbiter is already drifiegeoher, this in

provides the ability to determine a precise robafrorbiter trans
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onRationale: Triangulation fheemanytanegots can give robot

viigokitaeters, nfl which is precise enough to tatdpeci
Whiler yortoiterattidby pasit ithes tite position can be
itlredistersibn system arféenspection
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2.9 Mat Controller

2 Mecanum wheels use a novel roller design to obtain three-degree-of-freedom
dr accurat¢iposmidhimglam] pore rolling contact -singular
fial wimsiiadd and precise
fthe Rlatiomaleplédhe size constraints o with the close quarter
orf opayad it in rideel €21 Pligkquires a locomotion system o

maneuverability (tEA1qs), EA2(5)).

22 dt'Hecdrivficains lidnk Hiobthadliameter o
fPobsisthtess D & @ mosimomesgleerd commutation, a bra
a cycloidal reducer providing 225:1 gear reduction saphianal stiffness, and a
hedthe rimigdenbtdhtdte couples the output o . ke loc hub
rofmels wlkhe operator to disengage the the drivetrain completely (1MB-
SC3(20), <—T86(60))

Ratiomgldeallioan emergency, the ability to disengage the
#hypushing the machine out o

2 The drive system is able to move the robot over 10 cm high steps and up 20%
grades (TEA3(5)).

m The drivetrain suspens#n is a simple roc -arm design much & those on
heavy construction equipmeéntthd hap design is very simple and acceptable
frobot speed o 30 syt

Zer to Wikemetonmanded to do so, the motor controllers provide po
f mintwiitheilyives the robot 30 sgt . The motor
Porypendier accepts t . In position or relative displacement mode,
fidlematics on x the body relative ( y,f) desired position are computed and the

robot is driven in the desired direction based on previously set acceleration and velocity
values. menseuen dmitdidehiodylodittiaode,

(x y,0) velocity are computedwehdelbeitagprapriate set. [More
awthdl be provided here on hw these values are computed.] (tMC-HR (o7,
MC-FR2(7)).

All position jzand rotation (Rrimtion must be provided to the
motor controller inrdiztive wrldrdinadéendtes) (la 2 4.2.6(62))-
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a The operator can set the normal and emergency acceleration and deceleration
didbsesaor prasseddé TMC-Cl 27y, T2.2(59y). During a normal stop,
the normal deceleration values are used. Whiging an emergency stop, the robot

faster, using the emergency deceleration value (—MAPS-C2(53), M PS-SC2.2(55)).

& drrddeheany atdrorsnarellpermust be reset be -
lang any error . Iti&adphro 3 sfrcohelanotion controller and the

motion-gmedbmgpkakyl ( —2.4.14) .
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2.10 Manipulag Arm

Alard redmetlyss tlod dlatttléessellator customizes its up -
fhe et iimibdeh sibean ig hetoside o

getmmmbobisddmdheaimera, ting devadkerdises the
&m(the rest o TMB-FR3(50), M -HR (s3)).
AM k A physical interloc ws used that does not allo the manipulator arm to be
ldbplidyedtiff legs are retracted ( TH3 35y, H4(zs))-
hpkpuoo\Raetsidutmlety Bhik pdsisical interloc -
Wil coomgh reon ts . Sdfre may Thowy hwter peleykycal
a1k oatedodstbm . Neither alone provide adequate assurance.
a1 Omreatheddde tathbsgshare deployed, the ma -
waldsitiddo un churation (tH4), M PS-SC6o6y). All
nfidteonsanipulator are designed to be manually operated should the need

arise (TMA-Cl ).

Rationagectbi thiodmumaintenance and servicing, it is e

it
DKM fibEonsnspmated prokades to maacbethe
tilesjr THst, called Ma -7, raises the arm vertically. A second vertical motion is
fhef thhetekesbttidis o TMB-FR3(30)).
Rationale:atEheséd because a single telescoping device could
ottt br oot threecombination o height, payload,

and accuracy needed.

Atop these motions there is a 360 degree rotating motion.

1 The manipulator atepatitadtpact preloaded to

gatibintools steady . All manipulator motions have absolute encoding to give
dipreyplisigionr abmfutienes, even in the event o TMA-
SCly2g))-
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211 Imeti  Subsgte

2.11.1 The DMES ietion system is controlled entirely by the T ~SS (1TSS-HR .3(9) .

2.11.2 [Design principles not completed] (1IS-FR2(yg)).
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212 Visi Subswte

2.12.1 The vision system is controlled entirely by the TSS ($TSS-HR .2(5)).

2.12.2 [Design principles not completed.] (1VS-HR (29)).
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2.13 Digit | Camex

21 At least one digitaerariterasyatevidis mounted in a position
f h etilirhaapimmaitairb th et Hestellator robot

fA second camera system is located on the mobile base and can transmit an image o
the area in a 12 kligroleoarc in TDC-HR (27)).

Rationale: The digital cameras eliminate the need #@asnamptions about

ft hsthetdreltetvéstmablotiimes or not

orithe camera providing an image fwhbaverierovides the operator
the obstacles in the area all around the mobile base. The camera mounted on the
wthe infidggpbotei desehtsetlative position o
laxgtsthidie darecéibuceher opeeatisr should move the
ljoystiands ( TH1).

23 dce (The images are sent directly to the operator inter —2.2.3(58))-
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2.14 Sspe  Lg

[design principles not completed|
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2.15 @t  Fuse

21 weniffigsstonpiedibsdrvo outputs and the motor

dmspli Unctibmadogtans adigr el sansbealues, and
afs@ Gmart TSF-FR1 (3 psids sffawkively has t

2 bowhdsetent any parameter goes out o .g., motor current, enclosure
dnddyentevapgrature, or battery level), the sa thersampdi
knegheffactiradlyrd oc TH5(39), SF-FR2(30)).
Ry miffidedmiopetdtor can query the sa
witmdimtidesecdions ( TSF-FR3(30), SF-FR5(30),

1 THifwe the dperestetrify a command TSF-FR430), <-T8.1.2(60)).
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2.16 Pmn iy Sensing

p 41k Prenity sensing (contact bumper strips) is used around the robot base and
fba seshipndagor arm (TH1 &), 4(s)).
2 Ifsthiypro -sensing system senses anything too close to the robot, it sends
uddty  dhismtion directly to the sa TTSS-HR (30)).

dtyRationale: Thebsdthe dpseatomleetedismstead o
detar $hem the robot the operator canfdehessade receipt o
#rany the pro -sensing systsichand then release the deadman s
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2.17 Aural and Visual Alerts

2m The visual alert system has TBD colored flashing lights at TDB lumins visible
from all locations at a TBM distance around the mobile base.

| The aural alert system provides a sound at TDB decibels ...

(tAS-HR. (3 , AS-FR3(3; , M. PS-FRG653))
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2.18 Ve and Valida

This sectimt thelpddments on and information a idation gf the dest
principles included in this level of dhe  eptci  fication

218 Simulads

[ This section would include descriptions ofjgmmadntsoankeither the resul ts once
they are completed or a reference to where the resultédlnnd simulations were
done on qitemPmbswe do not have the references or any information on the re

i that were developed for the simulations f Bayve have not incl . wuded this information |

218 F#mr
218 Alrgs
218 Syem Heazl — Adysis
258 Didf alat onP resk

[This section would inclugleeraents for or descriptions o f any other types of validation
done on the systgm desi |
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