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Agenda
* NG NRMM is a standard
e Whatis a NATO STANREC

e Objectives and Scope of Allied Modeling and Simulation
Publication-06 (AMSP-06, ver 1),

e Current Outline:
> 1/0
» GIS Benchmarks
» Terramechanics Database
> uUQ
> VV&A

e Enduring Support Process
e Conclusions
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Data Environment

GIS Data

GIS Data Layers

NG-NRMM Architecture

M & S Environment

Mobility Metrics

Vehicle Models

Terrain Models

Vehicle Data

Simple
Terramechanics

Operational Planning
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RMS Course Sand Grade
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Uncertainty Quantification

UQ Process
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Speed Variability
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Ride Quality Grade Performance

The NG-NRMM specifications will establish a basis for VV&A of mobility M&S, guidance and
benchmark data for implementation, as well as standard data schema, file formats, and
mobility performance metrics (i.e., events) to support interoperability and collaboration
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NG-NRMM Will Be Standards
Not a Specific Computer Code

| MAIN.FOR - Notepad
File Edit Format View Help

C Last change: RBA 20 Nov 2009 3:32 pm
C NRMMII NATO Reference Mobility Model version 2.0 executive routine 11 oct 91
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¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ M b - I .t M d I - St d d
N — obility Modeling Standards
31 Aug 91 CTL operating scenario bug fixed
9 Aug 2.0.5 provision to include "special" output routines added
8 Feb 96 2.5.7a speed profile spread sheet report output adde

t
al
Y|

.7a S p ded
20 Mar 96 2.5.8 Mobility Rating Speed output report added
ig EEE §Z EM GReer:eri;:t \;e;icledD tart e e(;en-erit:d‘jEd Vehicle Dataj GIS Based In Ut and OUt Ut
sioctsal Terrain for VEHDYN l Terrain || for OBS78B
13 feb o : * * * * ili i .
Kt i VEHDYN Il ] | OBS78B (OBSDP) )| Mobility Metrics:
socm§ i I Speed Made Good
Aog
éﬂggﬁ;‘nﬁgﬁe [ WETC m:lﬂu::?a\':hic'e ] [ Scenario Data ] Terrain Data g G O/N OG O
[— ] . Fuel Economy
IYEHS
ﬁé%ﬁ [ Vehicle Pre-processor ]——[ Terrain pre-Processor 0
Terramechanics Models & Db

! Eéﬁégﬁﬁ NRMM Il | Main Module § = )
INSKEYNSCH [ Cross-country Prediction ]¢’[ On-road Prediction U nce rtalnty Quant|f| Cat|0n
ISNUM

Submodule Submodule
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Autonomous Vehicles
KSPRFL

Eﬁéﬁﬁm HS Analyst Output

b Speed / Performance Predictions

Key: . .
L wee B v Legacy Terrain Files and
[ Raw Output Post Processing ] Updated Tel’l'aln Data Format
Module

v
| customer Friendly output | V&V Maturity Scale and Benchmarks
Existing Standards (AVT, ITOPS,GIS, etc )

_




STANREC vs STANAG

e STANdardization RECommendation (STANREC): non-binding
document employed on a voluntary basis and does not
require commitment of the Nations to implement the
standards which are listed in it.

e STANdardization AGreement (STANAG): a policy statement
is agreed by the nations to employ and implement the
standards
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NG-NRMM NATO Standards

e AMSP-06, ver 1 Standards Document: “Guidance for M&S Standards

Applicable to the Development of Next Generation NATO Reference Mobility
Model (NG-NRMM)”, Allied Modeling and Simulation Publication-06 (AMSP-
06, ver 1),

» assigned by and coordinated with NATO Modeling and Simulation Group (NMSG),
» to be released, after NMSG review; target date: November 2018 by AVT-248.

e STANREC 4813, Ed 1: is a covering document that formally recommends use of
AMPS-06, verl

e AVT-327: Research Task Group (RTG) will establish the enduring process for
development and configuration management of AMSP-06
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AMSP-06 Objectives and Scope

* A land vehicle mobility M&S open architectural
specification that:

Is applicable to all land vehicle geometric scales
Implements GIS-based M&S methods and mobility metrics
Promotes Modularity, interoperability and portability

Is scalable M&S, embracing multiple levels of resolution:
theoretically, geometrically, and numerically

Includes M&S verification and validation maturity scales and
practical benchmarks

Includes standards and databases for terramechanics
experimental data measurement methods that support the
models
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Impact and Exploitation: DOTMLPFI

The STANREC guidance codifies results of the NG-
NRMM effort and establishes:

1. An enduring artifact
2. A baseline as well as a development path for NATO
nations mobility modelling
1. Methods
2. Benchmarks
3. Soils Database

that should be applied to physics based simulations of

all operational land and amphibious mobility among the
alliance.
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Research Task Group: AVT-327

e Co-Chairs:
»  Dr. Paramsothy Jayakumar (USA)
»  Dr. Michael Honlinger (DEU)
»  Dr. Michael McCullough (USA)
« Panel Mentor: Dr. David Gorsich (USA)

e Members: USA, CAN, CRO, CZE, DEU, DNK, EST, GBR, ITA,
NLD, POL, ROU, SVK, TUR, ZAF

e Duration: Jan. 2019 — Dec. 2021
e Coordination: NMSG
e Related activities: AVT-248, AVT-308 CDT
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Current Outline of-Conten @ E

3.1 CAPABILITY MATURITY SCALE

1 INTRODUCTION 6 3.2 BENCHMARKS 20

1; ECE';EE‘E)UND g 321 TRACKED VEHICLE Benchmark 20

1'3 SR G 3.2.2 WHEELED VEHICLE Benchmark 20

2' AT EE AL SPEE RGNS : 3.2.3 Cooperative Demonstration of Technology (CDT) Benchmark 20

33 COMMON BENCHMARK MOBILITY EVENTS 20
4 GAPS AND OPERATIONAL READINESS 24

4.1 List of gaps and challenges 26

4.1.1 GISInterfaces 26

2.1 GEOGRAPHIC TERRAIN DATA PROVIDED AS INPUT TO MOBILITY M&S
2.1.1 INPUT DATA SCHEMA: 8
2.1.2 INPUT DATA FORMATS 8

2.1.3 INPUT ENVIRONMENT SCENARIO DATA 8 4.12 Simple Terramechanics 28

2.2 MOBILITY M&S OUTPUT TO GEOGRAPHIC MAP OVERLAYS 4.13 Complex Terramechanics 28

2.2.1  FORMATS 9 4.1.4 Intelligent Vehicles 28

2.2.2  TRAFFICABILITY (GO/NOGO) 9 4.1.5 Uncertainty Quantification 28

2.2.3  SPEED MADE GOOD 9 4.1.6 Validation and Verification 28

2.3 TERRAMECHANICS 9 5 CONFIGURATION MANAGEMENT 28

2.3.1 SIMPLE TERRAMECHANICS FOR SOFT SOIL 10 51 CHANGES TO THIS STANDARD 28

2.3.2 COMPLEX TERRAMECHANICS (Updateis TBD) 12 52 GIS AND TERRAIN STANDARDS 29

2.4 INTELLIGENT VEHICLES (UPDATE is TBD) 17 5.3 MOBILITY BENCHMARK EVENT STANDARDS 30

2.5 UNCERTAINTY QUANTIFICATION 17 6 REFERENCES 30

3 VERIFICATION AND VALIDATION (V&V) 19 7 Attachments 31

3.1 CAPABILITY MATURITY SCALE 19 7.1 Attachment 1- NRMM_Modified_Map11l _Format_Document 31
3.2 BENCHMARKS 20 7.2 Attachment 2 - Inference Algorithms for Soil Moisture and Strength
3.2.1 TRACKED VEHICLE Benchmark 20 7.3 Attachment 3- Notional NG-NRMM Output File Format 31

3.2.2 WHEELED VEHICLE Benchmark 20 7.4 Attachment 4 - Simple Terramech Database 31

3.2.3 Cooperative Demonstration of Technology (CDT) Benchmark 7.5 Attachment 5- NG-NRMM Tracked Vehicle Benchmark Definition Data
3.3 COMMON BENCHMARK MOBILITY EVENTS 20 7.6 Attachment 6- NG-NRMM Wheeled Vehicle Benchmark Definition Data

AVT248 and AVT308 have developed a detailed initial release document
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TA1l: GIS Input and Output

A Potential Interoperability Approach / Workflow

Cadastre Encapsulating r /w‘
y < g s, o
|

GIS
Tools /

Soll Classification

Topography Stds GDB >
g Schema / Tools -
o Slope 0] 503212| 496955 37
= 1| 503707 | 497121 3B
Refiaf 2| S0257 | 497077 18
... and Makes Them Directly Usable and A _““' | 3| 502881 4ari70| 38

NRMM / Raster Dataset

Geodatabase g
(X, ¥, 2,
parameters 1...n)

(x, y. z, t, parameters 1...n)

Results Raster Raster Dataset in MBD Model

Geodatabase /
Map Product

STO-TM-AVT-308
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TA1L: Input Specifications

e GIS DATA PROVIDED AS INPUT TO MOBILITY M&S

» Detailed list of minimal attributes for each terrain unit (NTU)

» Feature Attribute Coding Catalog-Plus (FACC+) data no~ \oﬁ na
[with eventual migration to DGIWG (Digital "\“t\o“\d
Information Working Group) Fea’r""“\g\\‘ deta\\e

a\
> Legacy NRMM Code 11 dd\'t\O“ dd\’t\o

an @ es 2
" The MAPTZ gifie d  reoW\?

_.at that stores geospatial
..erent files.
.wull Raster format of Terrain Units (NTUs) and their spatial

P\
SP .rRJ file which stores the geospatial coordinate system description of the .ASC
file.

— * TER file which stores the attribution of each NTU.

e OPTIONAL SCENARIO DATA FILES (same as terrain format)
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TA1l: Output Specifications

* Mobility Metrics shall be computed and mapped to NTUs

» Go/NoGo and Speed-Made-Good and Fuel Economy
= Custom algorithms for aggregating multiple mobility metrics

= ReasonCodes
= A Useful Point of Reference: Legacy NRMM Operational Module
> Formats

= GEOTIFF
= ASCII

T [W]

T

I |
=t ‘\l‘ ‘-‘ | “"\u \‘ Hl ,“ “ |
- |LC ‘_-__‘ 600 )

i f\“

w "‘\

Time | s]
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TA1: Output Specifications

e Fuel Economy : CDT data has shown that NG-NRMM
models can capture Terrain Specific Fuel Economy
metrics including major influences such as turning

a8 2 10° Power Consumption
- T T T T

—Eng
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Catalog of NG NRMM GIS Benchmarks

— MONTERREY
o
— KRC
<> [
S | = THE NEXT
SEl Q O BENCHMARK
P <>
<> < - =
Sourc Q ’,
Data Q ~"
Source Geodatabase
Data O <>
Source GIS Processed
Data Processes Intermediate
and TOOIS Datasets
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Terramechanics Database

In-situ P-z model T model T-j model Lab Data GIS Layer Data
(She i

x| oo cuon sion
T ( = [ l
P

Toplover [ Toplerdent | [ [meGyeesun] b
g em) Conant() | Temperaure )

hesn | suives [soure 102 hgjsfpueghy ke Mean | stavew | uscs | ean | stavew | wean | suivev | Mean | stabew | mean | suov | uscs | wean | stadew | wean | suivev

Bekker 1969
Relnecke 2018 =

CDT Raw Nata '
Fi CDT Raw Nata ' =

- ) Fi CDT Raw Data
D-I 201 Files

\
~
2

[O (

C)
W)

xxxxx

,,,,,

\
\
\

The CDT contribution to the NG-NRMM Terramechanics database will include raw data
files and expand to accommodate better data fitting models, such as P-z polynomials,
and will fully associate data from correlated complementary GIS, Cl and CT methods
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GIS Inference Models For Moisture

Spatial Averages Downscaling

NASA/SMAP

& Model | —>

Coarse- Fine-Resolution Fine-Resolution Fine-Resolution

Resolution Topographic Vegetation Soil
Soil data Data Moisture
Moisture
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Database Development for Terramechanics

- Fully Coupled FEM/DEM Soil -
HiFi MBD Y P / Constitutive
. DEM deformable Parameter ®
Vehicle Models . . Model Lab ©
terrain vehicle Calculator o)

Database

Soil data map

model

Inference Models
Measured and legacy

VEHICLE

P_Z/T_j Slmple Slmple Terrarnmhw"‘— ‘ Be\hmeter/shear ring

HiFi MBD

Terramechanics - —
Vehicle cHim Od
Models Wlth EIaSEEPJ\iV\ Ca \b\'at\On e_th— Vehicle as a Senso

N\S

VCI
MaxTE

RCI <« (I

————— New opportunities to bridge the gaps

SCIENCE AND TECHNOLOGY ORGANIZATION organization

GIS Terrain Data
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Detailed List of ST Database Parameters

applicable max pressure range

pmax

e R
e MC applicable moisture content (dry weight basis)

2-second normal stress relaxation of bevameter platen at p,_, (%)

elax

* Kyscs soil type
e g, specific gravity of solids

e G, maximum dry (or wet) density (must specify) [also known as max bulk density]

e D, relative density of natural in-situ sample [or natural bulk density

e ¢ surface layer cohesion e A, bearing elastic prbg}l' 3 5&\)‘” &

e f surface layer internal friction angle e k, 2" layer fri- G\‘\J an ‘,eme“

e k surface layer shear strength modulus e k. o) sp e ?}?ength
~eed sty -

e n bearing strength exponent ,‘ed n

a

( ) de o >trength exponent
e k; bearing strength frictional cr- “‘()“\5’t of n n-S

.mg elastic reload stiffness

* k. bearing strength coh: 001 S ol deP A,, bearing elastic progressive stiffening

* K, bearing elasticreload  ffe .

Pax2 APPlicable max pressure range
e Cl(0-15cm)
e C(CI(15-30cm)
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evameter Implements for CDT
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Related Data Tabulated in ST Database

e ST Snow model parameters (Wong, 1984)

e ST Muskeg model parameters (Wong, 1984)

e Notional model of ST model parameters vs soil type
 Notional model of generic soil strength vs soil type and MC

e USDA SSURGO Web Soil Survey Bulk Density and MC vs Soil
Type
e Geotechdata.info, Soil void ratio,

http://geotechdata.info/parameter/soil-void-ratio.html (as
of November 16, 2013).

e Mulhearn study on cone index vs soil type and moisture
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Uncertainty Quantification Specification

Two steps are recommended for d /\
generating reliability based 7 \ 8
mobility maps: N1 \\Jﬁ “
» Step 1. Process for interpolation |
and/or extrapolation of E 05 0 05 1
geostatistical data such as terrain Advanced Kriging for geo-statistically
elevation, feature occurrence and -  distributed parameters
feature parameters as well as — -
physical properties (0 S & 3 - :
> Step 2. Process for Propagation of | M. L N e
geostatistical data uncertainty . e e o N
through mobility models for Sa B A “ . ol
Generation of Reliability-Based o s BN ]w /v » ffffff 2
Mobility Map. o Y. WY . W N N



Verification and Validation (V&V)

e Based on formal US DoD V&V and Accreditation Standards
(5000.61)

e Maturity Scale Tailored to Ground Vehicle Mobility M&S
e Benchmark Vehicle Data sets: Tracked, Wheeled, CDT
e Benchmark Mobility Event List :

» Addressing Gaps in current mobility metrics for ground military
vehicles

» Land Capability Group/Land Engagement linkage
» Highlighting

= Well validated 3D on-road vehicle performance metrics

= Development/V&YV of Soft soil (Terramechanics) mobility M&S
» Template for future expansion

STO-TM-AVT-308 SLIDE 23
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Benchmark Mobility Events

organization

& RECURDYN

Advanced Science and Automation Corp.

WWW.ascience.com

Vehicle Systems Development Corporation
LPH-5 — 1 Clairtrell Road, Toronto, Ontario, Canada M2N 7H6
Telephone: 647.343.6960 E-mail: vsdccanada@yahoo.ca

Technical Report TR-2016-08

NG-NRMM Phase I Benchmarking:

Chrono Tracked Vehicle Simulation Results Summary

NEXT GENERATI
BENCHMARK §

Radu Serban, Michael Taylor, Daniel Melanz, Dan Negrut

Simulation Based Engineering Lab
University of Wisconsin - Madison

™

STO-TM-AVT-308 SLIDE 24
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NG-NRMM Benchmark Rating

55C Limt. Pow

Tracked Results Maturity Level
Hard Soil
WTW W
Trapez Crossing & WTW CCW
Trapez Barrier
Gap Crossing S
Step Climb
Half Round
Random Terrain 555
Max Speed B 555 Defo
Paved rrain

SC Unlim. Pow

—Wendaor A
— Wemdor B
DLC Paved Vendor C
—\endor D
'DLC Gravel  ——Vendor €
e BRIV
Pawved

Tracked Vehicle Benchmark Results

on Hard Soil

Tracked Results Maturity Level
Soft Soil

Max Up Slope
Deform. Temain

Mgcs Down Shope

O‘Lr pu)
Fuel Ec. Off-Road i Deform. Terrain

Max Spesd

Fuel Ec. COn-Road ‘ ‘ ‘Defnnn_ Terrain

T i Single Passz
hotion Rers Powar kAulii Pass

Crawbar Pull

Tracked Vehicle Benchmark Results
on Soft Soill
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NG-NRMM M&S Capability Maturity Levels

1 DEMONSTRATION: Demonstration of a correct implementation of a
theoretically and conceptually consistent model.
PARAMETER SENSITIVITY DEMONSTRATION: Verification that

2 | performance change with a change in system parameter such as GVW or
terrain deformability is consistent with theory and physics principles.

3 INDEPENDENT USER VERIFICATION: /Independent user demonstration and
correlation to vendor results

4 CROSS CODE VERIFICATION: Cross verification with another accepted
mobility simulation code

5 | CALIBRATION: Calibration to a real vehicle test data set

VALIDATION: Blind correlation to a real vehicle test data set

PARAMETER VARIATION VALIDATION: Blind correlation to a real

vehicle test data set with a change in system parameter(s).

STO-TM-AVT-308 SLIDE 26
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AMSP-06 Change Process

Mirroring process from AMSP-01 [3]:

a. Any member of the NG-NRMM modeling and simulation standards subgroup (NG-NRMM MS3)
(subcommittee formation is currently being proposed), as well as Task Group chairpersons or NG-NRMM
development group (currently AVT-248, evolving to AVT327) members, or NMSG may propose st>ndards for

inclusion in, or removal from, this AMSP-06 document based on the scone ~€*°~ in sections 2-4.
Proposals will be submit.ted in t_l_'le form of a cnm"'*“e'ss Submissions
shall be sent to NMSG vi> ~ ~ rocC

b. The » ThereisS@ chang® P video
teleconference, | be included. If
the 75% thresho. o ovided bY AMPS-01 Jifferent ays) shall be
observed, follow s covered by a 1ot be included.
Abstentions do n on to @ STANAG | <

c. Aller ® Promotlo TO standard proCGS“N caiendar weeks.

d. All stz broader N{L.\...'cu at least once every three years, and the NG-NRMM MS3 membership
shall vote for continued inclusion or modification using the voting procedures described in ‘b’ above

e. The process in steps ‘a’ to ‘d’ occurs on a continuing basis.

f. The AMSP-06 shall be reviewed in a period not to exceed two years and any changes made submitted

to the NMSG for approval. Upon the NMSG approval, the document shall be posted to the NMSG web site and
submitted to NATO Standardization Office (NSO) for promulgation.

g. Any other comments or proposals regarding AMSP-06 may be addressed via the points of contact or
directly to the secretary of NG-NRMM MS3
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AMSP-06 Change Log: Issues TBD

Reviewer Number Paragraph Comment Proposed Change

If there are GIS processing tools specific to NG-NRMM process, we
McCullough TA1-1 2.1,2.2 should list and describe them Add a section A~~~ i-NRMM custom GIS tools

The MAPTBL format ~==* - a’ traCklng tOO’
S has a fOrm liscuss the necessity of the legacy
McCullough o, 5 hange prOCeS iinimize the file size
. TheC
McCullough ' . . St tabase with CDT data
7 W,” beg”’] W,th th,S “ 2x Terramechanics unique
McCullough T
cCulloug o AVT32 S they are noted
ng appended a ..... <> consolidate benchmark suggestions into a Complex Terramechanics
McCullough TA . SueS are be, benchmark Attachment
. CDTis
McCullough TAt AudCn b Populate with tracked vehicle and soil input data Populate with vehicle and soil input data
McC CDT will have numerous lessons learned to be
mMcc McCullough TA7-2  all incorporated across all sections Incorporate all CDT lessons learned
Input data format for local terrain geometry ng
Sert Balling TA1-3 2.1.2 standards need to be discussed and codified TBD based on discussion: TIN, quads, etc
MecC McCullough TA7-2  2.3.iii Nuke densometer depth of sensor for in-situ Suggest 30cm, open discussion
Operational level of Pmax not necessary;update
Pres McCullough TA7-2  2.3.1.5.e.i shearring normal loads per final conclusions
As part of calibration procedure Bevameters Add intial paragraph to this effect, with
Meg should be tested for repeatability in lab with appropriate details on volume of sample, depth,

mcc McCullough TA7-2 2.3.1.5 known homogeneous soils etc based on platen sizes.



NG NRMM STANREC Conclusions

AMSP-06 is an enduring artifact and development path
for NATO nations mobility modelling methods,
benchmarks and source databases that should be
applied to physics based simulations of all operational
land and amphibious mobility among the alliance.

The initial release will occur in November 2018
A new RTG, AVT327 will manage initial support

An enduring forum and change process should be
established for codifying future changes to NG-NRMM
standards
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THANK YOU
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Backup
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Current NRMM is a Set of FORTRAN Computer Codes
and Standard Data Files

Operational Planning

Vehicle Acquisition

Decision Tools

Generic Vehicle Data
Terrain for OBS78B

OBS78B (OBSDP)

Scenario Data

[ Terrain Data ‘

__

L Terrain pre-Processor

Main Module

Cross-country Prediction |

._r On-road Prediction/
Submodule

Vehicle Data

Analyst Output

STO-TM-AVT-308

Key:

organization

Venhicle Design

Design Tools

Terrain/Env Data

Data Sets
Processing
Module
Internal
Module

Modeling S/W Data
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NG-NRMM Will Be Standards
Not a Specific Computer Code

| MAIN.FOR - Notepad
File Edit Format View Help

C Last change: RBA 20 Nov 2009 3:32 pm
C NRMMII NATO Reference Mobility Model version 2.0 executive routine 11 oct 91
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
N N RRRR M M M M IIT 111
NN N R R MM MM MM MM I I
NNN RRRR MMM MMM I I =
N MM MM
AL Tl A Next Generation NATO Reference
¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ M b - I .t M d I - St d d
N — obility Modeling Standards
31 Aug 91 CTL operating scenario bug fixed
9 Aug 2.0.5 provision to include "special" output routines added
8 Feb 96 2.5.7a speed profile spread sheet report output adde

7a 5 put added
20 Mar 96 2.5.8 Mobility Rating Speed output report added
24 Sep 95 2.5iRc Reutine to accumilate and reort obstacle errors added G S O
s EEE o ric Vehicle Data Generic Vehicle Data —u Based In Ut and Ut Ut
in for DYN Terrain

Tera VerDy for OBS78B
¥ ¥ v ili ics:
VEHDYN Il ] [ OBS78B (OBSDP) ] Mobility Metrics:

socm§ i I Speed Made Good
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NG-NRMM Is Software Agnostic
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SCIENCE AND TECHNOLOGY ORGANIZATION organization

NG-NRMM Standards Establish a Modular Open Architecture
Wherein Each Application Drives Its Own Requirements
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SCIENCE AND TECHNOLOGY ORGANIZATION organization

NG-NRMM Standards Assure GIS Interoperability
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Verification and Validation Benchmarks Qualify
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Flowchart from TA1 as reference
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