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Airspace Scenarios

NASA National Campaign One OV-1

* PhyS|caI Space - Airspace
sequence of intersections: :
— multi-input multi-output, flexible locations and i ical
geometry; multi-lane and bidirectional R
- air-corridors:
— bidirectional and multi-lane; flexible locations
and geometry; different UAV speeds; hovering
or holding patterns are possible

Constrgmeu

* Traffic Management System (cloud based)
- possibly distributed (sectorwise) or centralized
- decide network aspects — allow how many vehicles,
which new airways to open, etc.
- assist individual UAS — relay perceived information,
waypoint paths, etc.

* Ground Resources
— mobile or static landing stations
— service stations — recharging etc.

% * Vehicles (Unmanned Air Systems UAS)
- Heterogenous, multi-speed
- Provide its own parameters (e.g. start and

y ’:@:’ : destination points, fuel, make, travel parameters
fa) (desired ETA etc) to aggregator
- report path conditions to the aggregator
@ — provide control parameters to track path/time
‘ dictated by aggregator
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High-Level Objectives

e abstract out planning/logistics problems

* architectural details are evolving: focus on broader, more adaptable solutions

e develop cloud/web-based analytical and design tools for

* Traffic Management Systems (TMS)
* Individual Unmanned Aerial Systems (UASs)
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Objectives

e planning and logistic problems
* resource allocation, scheduling, routing etc. with heterogeneous vehicles

e.g., routing and scheduling of UAS (determine sequence of waypoints and schedule them for each UAS)

e.g., resource allocation and scheduling: coverage by service stations, recharging schedules; service-vehicles schedules, etc.

e.g., traffic-density design to avoid congestion, determining relative ratios of different types, speeds etc

e.g., efficiency and robustness design of the UAS’s speed profile for energy efficiency, time, and robustness to uncertainties, minimizing (ideally
eliminating) holding patterns; trade-off optimality vs robustness

e.g., respect constraints: communication constraints, capacity constraints, dynamic constraints, topographical constraints

e sensitivity analysis: with respect to network parameters

e.g., with traffic volume, traffic density, UAS-type configuration, # of facilities, facility-types, communication error and delays etc.

* guide prioritization of resource allocation
* quantifying risk assessment and resilience - network's vulnerability to external disturbances or changes in operating conditions

e offline ML training:
* |learning from offline digital twin airspace simulation systems — identify meta-parameters etc.
* useful for contingency management, resilience and reliability studies, advisory/suggesting for network and UAS parameters, real-
time optimization and scalable studies.
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Example: Routing+Scheduling of Vehicles

* which vehicle should cross which intersection when — minimize commute time

: A r > s ) S —y
o—te o o @ Ll (0] [ Fed [Tl B
E 8 o o o @ |0 @\@/@ ®» ®
S % @ ® . ® ®
4 o O e O () . S | ®
R 1Y 5 ® ® @ 6
o o o o |0 ® & 6 ~O
* determine optimal routes — sequence of decis abl
* determine time spent between two successive nj:(k) € {0,1}: is = 1 if n" vehicle decides to
ntersections rerssction ot e (k + D stage
. = ]
* Respe_ct constraints — COI’]gEStIOI"I (n_Ode tj' (k): time required to reach jt™ intersection
capacity), speed, and obstacle avoidance at the k™ stage

constraints.

Intelligent Infrastructure and Logistics Support . AVIATE )
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Other Planning/Logistic Examples:

-7 s e Routing+Scheduling:
ﬁ N A * objective: determine routes and inter-node times to
i b minimize the total weighted travel time over all UAS
51,03 ~~_ f1 * constraints: No UAS runs out of charge, congestion
gl charging constraint
uas tation  {n)
- /|7'| Stato e e Scheduling on predefined routes:
" y fo o 0 * objective: each drone has a mission (predefined
vt . ™.~ =) sequence of nodes to go to). schedule drones to
- fa,” i o minimize the total weighted travel time
\m et - * constraints: processing time constraint, precedence
T e V2 order constraint, and congestion constraint
,:«"' e Routing+Resource Allocation:
5g,/ N - * Objective: determine locations of charging stations to
|‘ g /3 minimize total weighted time (distance) over all UAS
o * Conatr(ejlints: No UAS runs out of charge, obstacles are
avoide

* UAS, charging UGVs, and destination targets.

* each drone: pre-defined charging capacity and
an initial charge

* UAS can choose to go to the destination directly
or via a subset of charging facilities to ensure
battery capacity

Various other combinations
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Abstraction: Parameterized Sequential Decision Making (Para-SDM) Problems

e Common Aspect:
* Simultaneous Sequential
Decision Making and
Parameter Optimization

€0l ‘Hotair
111

LR _ B B |
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Ultrasonic Drying Module DEP Drying Module Nozzle Drying Module
(UDM) (DDM) (NDM)

Industrial Process Optimization

Markov Decision Processes

\:\\ Small Cell f,
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Sharable Tools

' - . (.L;:l ’ I‘ /ﬂ\ \((( )
/Resources I l l ] l I I @) D \@ 5G Base Stationw ,l:lh 1]
v

Location: z € R® »  Small Cell f;
% 2 BgByly T, SN ]
—

=)

3 .
—  User n; @ Locatlon:yj € Rd
Location: x; € RY

5G Small Cell Network Design

Job-Shop Scheduling
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A General Framework

Statistical
Physics

Maximum
Entropy
Principle

Combinatorial Optimization
Problems

Clustering, Data PARA-SDM
Classification, Network Network Design and
Aggregation, Routing, Planning problems,
Scheduling, Traveling Supply Chain problems,

Salesman Problems, MDPs, RL, ...
Resource Allocation, ...

Machine
Learning
MDPs, RL

AVIATE
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Baseline Para-SDM: Facility Location with Path Optimization

5: Destination e “find simultaneously optimal paths and facility

gﬂl lﬁaou;es Location locations”
r " N
min D = z z id n;,
Yn(y|i)e(0,1): _ pi ) n(yldn;,y)
Zyn(ylH=1 i=1  yeG
Q ‘N’ Sensor® \_ )

e application example areas: supply-chain networks,

sensor networks, last-mile delivery * combinatorial configurations

= exponential # of paths y;
= {n(yli)} is combinatorial
= continuum of facility locations y

* computationally complex
= non-convex, NP-hard
= sequential algorithms : sub-optimal

e decision variables
* Path y: sequence of facilities from nodes
to destinationn; = f,., = fr, > f; — 0

*  Parameters Y: facility locations Y := {y;}

* combinatorial viewpoint for para-SDMs
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Facility Location with Path Optimization: Baseline Para-SDM

Stages lllustration

( I | 4 % A

lo I G | [h—1 M| M1 JE(s) = Z de(xe, Xp41)

® @“/@fl "

\@ %) %) subject to

@ Y2 Y2 N Y2 @

-! ! : : / Xee1 = plaglxe), xg=s

@ @ )’M @)’M N

@YM @ other constraints on states and

@ L actions )

* MDPs: Shortest Path Problems

* Para-SDMs: Shortest Path + Facility Location
Problems
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Solve Shortest Path + Facility Location Problem: Baseline Para-SDM

Stages lllustration .
l
{ | | / ] p(y[v) \
‘ Io ‘ ‘ I ‘ | I, | """ ‘FM—l | ‘FM+1 |M ,ﬂgf} H = _Zpiz (Upk()/k+1|)/k)>log<1:[pk(yk+1lyk))

i YEG

subject to
N

Y2 Y2 \\\\\ Y2 @ D:= Zpi Z npk(yk+1|yk) d(x;,y) = dy

1 1 5 1 / \ i=1 yeG k /
@}’M @}’M @}’M Free Energy F =D — %H * Path Probabilities p(y|i) _pa ZY%.Z e~ B A dt(Yt'Yt+l)___1
@ @ @ po———> — Pi(Vis1lye) = e . o~ BN deveyesD) !
1 M I
1 yk+1 1
N I * Free Energy !
! T T 1
: _ _ ; , I _ F=—-= 1 “BYi=0 dt(Ve.Ve+1) ) 4
Yn Do) D Z Pi Z n(y|Dd(x;,y) : g 270 Pyo 1082y, .ym € !
%y avl)=1 =L e | I
E *__Facilitv Locations: ]
I . OF :
- - I — qYobtained from—=0 = oo !
- nyl) = 1’\(/1:11 M (Vk+11Yk) e e oY <
— McWks1lyve) = 1ify 0y {medl = e
O(M3)

* Minimize for every [ starting from 0 to oo (< decreasing d))
— Polynomial-order decision variables * [ =0 = convexfreeenergy = (Global minima = uniform distribution)
* B - o= [plylye) 2 nyvlys)] = (hard associations = solution)

THAVYINTL,
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Routing + Scheduling Problem

e Scenario: ﬁ N =
* charging stations 1 =
— processing time for UAS 61,03  T~<_
*nthUAS V™ = (¢7 £% ¢ T™(0), S™, F.C.R") T"I charging
n £%: entry and exit location e |7_| station @
~ ¢g: initial charge g Y 78,
— T™(0): entry time N // J2 o
— F.C.R™: full-charge range v e L-.'I_," =
\’\ 1 'U _f
/. Objective: find simultaneously \ 'S_«" ____________ 2
1. Shortest time paths (routes) for all UAS ' P
2. time each UAS spends in each corridor (in \\,/"
between successive intersections or facilities) 8y TN -
i -~ \
e Constraints: Lt =
* UAS are never without charge
* avoid congestion at charging stations

\ * UAS within maximum speed /

AVIATE -




Problem Statement: Routing + Scheduling in FLPO form

Stage Illustration for drone n Solution Approach Using the MEP Framework
I [y I |- (1 Ty Ty

® ® @t'} B @Rt ® = tnrg}gl?(k)z Pallie=o 11} (F) Z(t](k+1) tilky) + Cic
1 1 \‘\\ | 1 k )
t t t

@ @ " @ " @ " @ * Replace binary associations with a probability associations

e Minimize free energy iterativelyforf >0, S =€ 5> 0, 0 <e K1

Decision Variables F= min D — 1/ H,
e, pl (k) B

. tj" — Time taken toreachnodej, 1 <j <M

* 7n};(k) € {0,1} — itoj transition in stage k where H = Ii_opjj; (k) z log pjj; (k)

Total cost for adrone: D™ = T"(K) + C"(K) = ~

« Timetaken: T™(K) = IX_, 7. (k £ Annealing
0 k=0 77]|l( )Z ol jlert) = l(k)) * Minimize for every [ starting from 0 to oo
Penalty incurred : C"(K) = I1¥_, Hi(k) YK ol (i, )) * [ =0 = convexfreeenergy = (Global minima = uniform distribution)

* B - = [plylyve) =2 nlvlys)] = (hard associations = solution)

* c¢(i,j) — penalty due to constraints \_

AVIATE -
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Simulations: scheduling + routing + congestion avoidance

* PLAY THE VIDEO!

Drone1(0.00) --->f1(7.83) --->[D1](10.19)
Drone2(0.00) --->f3(1.58) --->f2(4.72) --->[D2](7.82)
Drone3(0.00) --->[D3](2.95)

Drone4(0.00) --->f1(3.14) --->[D4](6.28)

Drone FLPO (F.C.R. = 25.0)

PTF : processing time frame = V1 (gp.0%)
(charging time at each 30 A *..,
station) PTE=2.0
25 B L)
........... D4
2 sl -
24%(7g:0%) *
- F :

15 - .0%)

10 4
® Drones
: A Stations
51 o2 V3 (89.0%) » Destinations
Bl Blocks
5 10 15 20 25 30 35 40
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Simulations: scheduling + routing + congestion avoidance

PTF=0

Dronel(0.00) --->f1(3.16) --->[D1](5.40)

Drone2(0.00) --->f3(1.76) --->f2(5.02) ---j[D2](8.10)

Drone3(0.00) --->[D3](3.05)
Drone4(0.00) --->f1(3.35) --->[D4](6.70)

Drone FLPO (F.C.R. = 25.0)

V1 (10.0%
D1 ’_,(,30 )
. 30 - - -
Congestion ~a /,——‘u
happening
25 - a2
at 1 15 Reons i
D3 i
H¥4{(7§-0%) .
> 73 I
______ - TR, |
T pt”
15 . l V2 (59.0%)
S @
/ .
10 - 16 ’
) I ® Drones
/ | A Stations
5 92 V3 (8‘5_0%, » Destinations
4 Il Blocks
5 10 15 20 25 30 35 40
X
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Dronel(0.00)
Drone2(0.00)
Drone3(0.00)
Drone4(0.00)

PTF = 4.0

--->f1(8.77) --->[D1](11.18)
==upfIl6a67) “oeaf2(12.37) “ux

[D2](20.99

--->[D3](4.95)
—-->f1(3.01) --->[D4](9.96)

Drone FLPO (F.C.R. = 25.0)

V1 (1Q0.0%
D1 _VIagow
30 - ~. /_11-"
25 A P -20
s o4
L D3 X
0,
2}5{(7&.0&) .
|
> F , 18 F
0,
15 4 ’ % ‘@24;90 %)
i @
10 4 /
| ® Drones
i A Stations
5 V3 (8‘3.0%) # Destinations
2 EEm Blocks
5 10 15 20 25 30 35 40
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Routing + Facility (Charging Stations) Locations

e Scenario: et T T s

* charging stations (fixed locations) ﬁ '\.\ = 1
— processing time for UAS i =

* nt"UAS V™ = (£3, €%, cg, T"(0),S™, PTF™, F.C.R™) 01,03 T~ I’£11 -
- 43, f_’j:. entry and exit location UAS w gtaattirg;]ng @
~ cgp: initial charge = , ‘
— T™(0): entry time ?F e f2 -7 0

V \ 7/ < (=P

- §™ maximum speed . f3 1 0
— F.C.R": full-charge range N _--U =

4 ) v

c c c - c c PR
e Objective: find simultaneously locations of charging 02 o7 N o
stations and shortest paths (routes) of UAS m; =y

e Constraints: UAS are never without charge, avoid
obstacles, threshold on number of UAS at a charging
\station at a given time. /




Problem Statement: Routing + Facility (Charging Stations) Locations

Decision Variables:

np(k) € {0, 1}LxNxK; min 3 _ p,D"(K)

I if the n*" vehicle goes to the node j at the £ step, otherwise 0. oo

y; € REXT: st I™0)=1I3 Vn

The r dimensional coordinates of the nodes. L 08 - ' .
Parameters: 'ik) =0; Vn,k= K
pn € [0 1] : relative importance of the n™ vehicle. D"(0)=0 Vn

S™ : maximum speed of the n™ vehicle.

L
[" (k) : location (node id) of the n™ vehicle at step k. e - . L &
D" (k): Total distance traversed by the n™ vehicle at step . ! (l" t 1) o Z " (l")li vn, k lJ € {1’ B2 L}
it : initial battery charge of the n™ vehicle. =3
" (k): battery charge of the n'™ vehicle at step k. D"(k+1)=D"(k)+d(I"(k+1),l"(k)) Vn,k
[{n((:): rangc Of thc ,”lh VCthlC With a bat(Cl’y ChargC c. Y T IO JUCTEEY L PR CLERRE L EALEELT -

: “ik)) 2:d K Al i -

d(-,-) : distance function between two spatial nodes. gR (c"(k)) 2 &*("(k + 1), I"(K)))  Vn, AEBattery constraint —
[(-,-) : obstacle-aware penalty function between two nodes. iwhere: | d’(:,-) = d(:,-) £.L(:y0).......... 100SECIe constraint

V(g )

Intelligent Infrastructure and Logistics Support
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Simulations — Routing + Facility Locations

Dronel ---»>f2 --->[D1][D1][D1]
Drone2 --->f3 --->f1 ---»[D2][D2]
Drone3 --->[D3][D3][D3][D3]
Drone4 --->f3 --->[D4][D4][D4]

Drone FLPO (F.C.R. = 25.0)

V1 (1Q0.0%) N
L . R iaind Phase transition
30 —=
50
25
D4 0
( ) D3 -
4((190.0% .
BT F Pl 2
4—._.‘--‘ @-.f.
15-‘ -}T 17\'2(1_@_{]0’6) 20
.
10
1
i 10 -
10 + F} _|
|
10°" i @ Drone locations 0 | | | |
54 D2 V3 (1Q0.0%) A Station locations 0 10 20 30 40 50
* # Destinations
5 10 15 20 25 30 35 40
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Simulations: (changing F.C.R.)

Dronel --->f2 --->[D1][D1][D1]
Drone2 --->f3 ---»>f1 --->[D2][D2]
Drone3 --->[D3][D3][D3][D3]
Droned4 --->f3 --->[D4][D4][D4]

Dronel --->f3 --->f2 --->[D1][D1]
Drone2 --->f3 --->f2 --->f1 --->[D2]
Drone3 --->f1 --->[D3][D3][D3]
Drone4 --->f1 --->f2 --->f3 --->[D4]

3 VO TIQPo%
2 - UL U ety DI VI(Ig0%)
30 - * :
25 HILE' >
1 25 - e,
D4 D4
41(190.0%) D3 - Jagp.0%) o3 el E3 Bk
E .. % _,..-"' F “""1
> e W > a1 ;1w ~:
. ‘}T .................. Vi v2.01gp0% 15 - . A’ UTTL@.E%}
10 - FL r 10 - : "
T B | flf 1‘17._ ® Drone locations
10 | ® Drone locations . A Station locations
5| D2 V3 (1g0.0%) A Station locations 5 Di. V3 (1gp.0%) + Destinations
* # Destinations
5 10 15 20 25 30 35 40 3 10 15 20 ; 25 30 35 40
X
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Scheduling on pre-defined routes

e Scenario: et T T ~.
* charging stations (fixed locations) ﬁ S =t
*ntMUAS V" = (T"(O) s™, L™) '

n _ ¢pn n n _ pn 61:5; ‘\fl
- L" ={{g < ¥ <A d} F.1 chargin
e W
= sfation s
bl R
vt - . ‘
/ 3yt L \ Yo f3 7 ‘I* -
e Objective: schedule drones to minimize the total NN - ____ﬁf
weighted travel time, to reach their destination +|_J' P V2
\ ,*”’
: X7
e Constraints: 02 o N =
* precedence order m'm o /3
* congestion constraint
* processing time constraint

\ *x drone speed limits /
i H 1 AVIATE
Il li lo] S
Intelligent Infrastructure and Logistics Support m/ 20/33




Problem Statement: Scheduling on pre-defined routes

Decision Variables:
50" (k) € RNXK: min » ~ p,T"(K)
The time interval for the transition of the n'”* vehicle at the k™ step. ol
S D st T"(k+1) = T"(k) +ot"(k) Vn,k
o € [0 1] :relative importance of the n vehicle. ST '. "‘ ......... e ,
fS"ntwxinlum speed of?hc n'™ vehicle. T"(k) = T™(K)| >T* if: I"(k) =1"(k) =0" Vn,m,k
["(k) : location (node id) of the n'™ vehicle at step k. ﬂ ) it T (k) < T™(k), :
L" = [I"(k)] Vk < K : given route for each vehicle. : where 717 =4° " B |
,‘l;;l : ClOCk timc Of dcploylncnl for lhc "’lh VChiCIc' E'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'- ':'/-".'.'-'.'(.'f.'.'-').'.'-'.'.'-'c.'!'-'s.'.?-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'E
T™(k): clock time of the n™ vehicle at step k. : 5
d(-,(-)): distance function between two spart)ial nodes. 2 ot (k) 2 L (d(l"(k + 1),0%(k)) + T(I"(k + 1),1%(k)))  Vnik
['(-,-) : obstacle-aware penalty function between two nodes. D eeeeeeeeeereeeaeaeaseeeasaseeeasaseseeeasassetasassseeeasaseseassssseetassseeeasssseeeasereeeasaneneaeas
J™(-) : processing time function of the n'™ vehicle on a given node.

1- congestion constraint
2- max-speed constraint

n (LT, 5™

Intelligent Infrastructure and Logistics Support =R, 21/33



Problem Statement: Scheduling on Pre-defined routes in FLPO form

Stage Illustration for drone n Solution Approach Using the MEP Framework
I [y I |- (1 Ty Ty

@ 4 K
\. / 4 = mi K pn. n —tn n
@t e, Gt G D=min ) pulli=o mjji(k) ) (tjaersy ~ titwy) + €k
s J n k=0

¢ Lt ; .
@ @ " @ " @ " @ * Replace binary associations with a probability associations
® © @\@ (0.1} 3 mjy; — pjji(k) € 0,1], vk

* Minimize free energy iterativelyforf§ >0, f =€ > o, 0<e K1

Decision Variables F= min_ D - 1/ H,
@707 p

. tj" — Time taken toreachnodej, 1 <j <M

K
« nj;(k) € {0,1} — itoj transition in stage k (Given) where H = TIg_opjj; (k) z logpjj; (k)
k=0

Total cost foradrone: D" = T"(K) + C"(K)
Annealing

. i . — kK n K n _4n
Time taken : T"(K) = M=o 1}}; (k) Zk=0(tj(k+1) — titk)) + Minimize for every § starting from 0 to oo

 Penalty incurred : C*(K) = 1¥_, n;lll.(k) YK ol (i, )) * [ =0 = convex free energy = (Global minima = uniform distribution)
* B - = [plylyve) = nlvlys)] = (hard associations = solution)

* ¢z (i,j) — penalty due to inequality constraints

Intelligent Infrastructure and Logistics Support
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Problem Statement: Scheduling on pre-defined routs

Drone list=]|
D1:[ (1, 3)<(2, 2)<
D2:[ (1, 2)< (3, 1)<

]

[
D3: [ (K %3)
]

facility dwell
node time

Intelligent Infrastructure and Logistics Support

Drone Schedule

Drt?ne 2 Drone 3 , [:llrt:-neI 1
| | |
7
z
]
=
Drone 3 : Dmnel 1 Drone
| |
Drone 2 Drone 1 |
|
4 8 10
Time
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Combinatorial Optimization
Problems

Statistical
Physics

-

Maximum
Entropy
Principle

Parameterized Sequence-Decision Making Problems
Expanding the Framework

Algorithm

— Sensitivity and Robustness

|__Incorporating
Constraints/Scalability

— Dynamic Constraints
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Infinite Horizon and Learning in PARA-SDMSs

SDM M = (S, A, {,n, c,p, a) with cost-free termination state o)

]éfn(s) = IEpu z atc(xt(()» ur(m), xt+1(()) |xo = S] = Z Pu(wls) c(s, w)

t=0 wE()

- ppw-[01]and w = (ag, x1,0a41, X5, ...)

- pu(w|5) = u(aols)p(x1lag, s)ulas|x)p(xzlxq, ay) -+
. . — state, action parameters: { = {{;}L,n = {n4}
Infinite Horizon para-SDMs — cost and dynamics: c¢(s,a,s"),p(s’|s, a)

e Generalizations
* Parameterized states and actions
* Para-SDMs: Shortest Path + Facility Location Problems
* Stochastic Dynamics:
— transition probability: p(s'|s, a)
— stochastic policy: u(als)
— arealized path w = (ag, x1,a4, %3, )
* Infinite horizon
* Para-RL: cost c(s, a,s") and dynamics p(s’|s, a) not explicitly known

AVIATE -




Infinite Horizon and Learning in para-SDMs

Lagrangian

1
Vs'(s) = [Ea c(xe Up, Xp11) + 3 logu(utlxt)] Assume u, = u and non-zero probability to reach

B
terminal state p,(w[xo) = [1¢Zo 1(ue[x) D (X1 ]xe, ur)

(Theorem: The Lagrangian Vﬁ“(s) for the optimization problem (1) satisfies the following recursive Bellman equation )
Vi) = ) w@ls)p(s'ls,0) | e(s',a )+ log ulals) + aVf (s | +2
,BS_ H a|s)ps |s,a c\s,aq,s ﬁoguas CZ'BS S
- /
B/ \a
expi— Ap(s,a) N % B .
Control policy  pz(als) = { ( ﬁ“) £ } Vg (s) = —Elog expy——Ag(s,a)
Y. €XP {— ( /a) Az (s, a’)} aEA
4 N\ ( Parameters {*, n* ] _______ .
——————— DR > ﬁ , 1
i Ap(s,a) = z Pss’ [c r = —log <Z exp {— ~Ap(s ,a)} )] W5 (s) Vg (s i
| s'es a€A a7 =0 T =0 :
7 S 7
i \_  [Theorem: Contraction Map] JAN s'€S S'€S ) i
| 1




Infinite Horizon and Learning in para-SDMs (para-RL)

[ Unknown dynamics and cost functions ] At time instant t

I, Teg1 |- FM Iy1] - 4’[ Agent ]7

Ob t ;
@ B @\{@ @ servations .

C(Xt, Apy Xe41)s Xe41

()
o ® @ ® 0\ ©-
' : eSS, plsts e ~[ Environment ]~

0 ® ® ®wO G
® @ @ ® ®-

Model-free updates Yerr(xpa) = (1 —v)P(xp,uy) + v |c

2

tht+1 o Flog 2 exp{ Bq’t(xt+1 a )}]

a'eA

Policy: Converges to state—action value function : LIJt — A'E at (( ) TI)
() _ Vg Ve -V
e a¢ ¢"'—=¢

Parameters:

s'es

AVIATE -




Sensitivity and Robustness

e Sensitivity:
* Free-energy Vp(s): smooth approximation of non-smooth J(s)

- Vp(s,0) = —%log (Za exp(— gAB (s, a, 9))
BVB

— 0 : parameter; Sensitivity analysis ¥T3

e Robustness:
* e.g., uncertainty in coordinates of UAS given v(x|i);replace the distance by
modified distance
d’(xl-,yj) = Y v(xli)d(x, y;)
* number of UAS required for adequate coverage
— exploit phase transition property

Srivastava, Amber, and Srinivasa M. Salapaka. "Robustness Analysis for Simultaneous Resource Allocation and Route Optimization Problems." Dynamic Systems and Control Conference.
Vol. 58288. American Society of Mechanical Engineers, 2017. 28/33



Sensitivity plots with respect to different parameters

Sensitivity to full charge

range (fcr) Sensitivity to average
obstacle size Sensitivity to UGV factor
20 0.30 ,
E [ 0 u 0.20 @ N 5 o o
3 e o > 0.10 @ e 0
S0 20 do 0 ® 20 30 = 0.00 &30 20 ® 0 10 20 30
s 20 ¢ -§o.oo 2000 100 000 1000 2000 3000 < v )
%_change fer ") - ° % change UGV factor
% change-g\'/zeorage obstacle size
Sensitivity to initial battery Sensitivity to average o | |
charges speed limit Sensitivity to penalty function drift
. @100.00 . 0 40.00
s 50.00 m o 0 * 30.00
fccv qézo -10 0 10 20 L 20.00
G 0.00 o 3 -10 S
-£0.00 -10.00 000 1600 2@O0  3G@O  40.00 S Y S 10.00
-50.00 S -20 @ - 5 -
% change average charges % change E_:l%/oerage speed limit 5000 2000 -1000 000 1008 200093000 ®0.00 50.00

-10.00 .
% change penalty drift
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Incorporating Capacity and Exclusion-Inclusion Constraints

Constraints in Network Design Unconstrained 56
Partially Connected Network Link capacity 6 f4\. N
Capacity constraints on Facilities constraints /
Link capacity constraints fafw fifw fsfu fofs 4 ,f 3 of l ofs

1

Capacity of 2
transi’fi)ons); to s’ 0 ; ‘ “ |
0 5 10

C(5,5) = ) Pl u(als)

Q. - : |
Partially connected ?\. Facility capacity .ﬁd !
network FLPO SEIRY constraints flf'\.kfé &
fifor fafis fofs fifsi fsfs a0 10T fufafsifafs 4 p) 0T
f 2@ . ®
Restricted action 5 & & Capacity ofa » R
0 . . . .
0 5 10 00 5 10
p tify # of visits to s’
W, €XP {— —Ng (s, a)} Quap ify N
u(als) = —— - C(s") = Tsapiyi(als)
YarWars €Xp {— EAﬁ (s, a’)} Vﬁﬂ(sr) + v (C(s") —cgr)
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Scalability

@® User nodes

. 4 ’ @ Small cell
*  Function Approximator (ANN) Ag (s, a; w) = Ag(s,a) A ¢ B:; sizﬁzn
®
* Address para-SDM in large state and action spaces. 5 fT .

* Feature: para-SDM algorithm is parallelizable
®

-

e’ @

@
3 »
* User nodes
1 L
® Small cells ‘ . ‘
- Base station " . . :
1.7 ¢ 1 3 5 7 9 11
v vy  V(d)-ve
* + _ 7 _ B . B ._'B B
*# ("={(—1 T where 7 s
0.3 o o ,
aa V(&) = Agor(s,a;w') 2 parallel
* ~ agents
Vs Q) - Ap (s, a; W) 9
ok
-2.3 3
B; , =~ _ .
l/ /&,( in B, Optimize ¢
Urbana city data : 2200 user nodes \\ ‘W’ parallel agents ?Elgcl_ Ve ()

Allocated : 10 small cells
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Conclusion

| Para-SDMs |

[ Network Design] Data Airspace Planning Markov Decision | | Industrial Process
Clustering/ and Logistics Processes Optimization

Classification

[ Applications

) S

Resource Vehicle Travelling Last Mile Facility Location Drying Bed  Job-shop ~ Spatio-
Allocation Routing Salesman Delivery  Problem Optimization scheduling Temporal

a common platform for combinations of Monitoring
these problems

[ Framework - Additional Capabilities c TA\T/I\_/I [ /_Di_gi_tal_TTNTn_S-j
Lo | oo Lo l
t' ---------- b | reEmEmmmEm-EE—=_——=———— Y
CapaC|ty ConstramtSI : Incll::smn/ Exclusion I ' Dynamlc Constralnt3|
—————————— \___o_ngtrfuﬂtg__, e ———
_______ | AR pmmm =l e
1 Sensitivity AnaIyS|s I |Robustness/Uncerta|nty I
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