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Satellite Delay Tolerant Networks *  Contact Plan

Standard: Contact Graph Routing (CGR)
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Satellite Delay Tolerant Networks *  Contact Plan

Links may fail!

Standard: Contact Graph Routing (CGR)

Increase reliability: CGR with multiple copies
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Satellite Delay Tolerant Networks *  Contact Plan

Links may fail! Not optimal!

Standard: Contact Graph Routi*.g (CGR)

Increase reliability: CGR with multiple copies
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Optimality through Markov Decision Processes
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Assume 2 copies are sent

Optimality through Markov Decision Processes
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Optimalit
y through Markov Decision P
rocesses
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Observe: MDP (almost) acyclic

RUCoP:

<+ follows Bellman equations backwardly
(starting from goal states)

+ only one pass required

+ only maximizing subgraph (Markov chain!)
is preserved
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Routing under Uncertain Contact Plans (RUCoP)
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First technique

Routing under Uncertain Contact Plans (RUCoP)

Observe: MDP (almost) acyclic

RUCoP:

<+ follows Bellman equations backwardly
(starting from goal states)

+ only one pass required

+ only maximizing subgraph (Markov chain!)
is preserved
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Statistical Model Checking

Second technique

Simulation through Lightweight Smart Sampling (LSS)

SMC+LSS:

1. Select m 32-bit integer, each of them
representing a scheduler identifier o

2. For each o, perform standard SMC letting
o resolve all non-determinism

3. Return the maximum (or minimum) and
the corresponding

« SMC+LSS returns an underapproximation (or
overapproximation) which we call near
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The problem of distributed information
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The problem of distributed information

to 51 t2 i3 L4 [A2BOCODO |t
A-- 4 - -~ - - >
1 0.1 0.5 A stores
0.9
A e R B > ore . N0,
. o J
C 0.1 )X 0.9 [A1B1CODO | t4] [A2B°CODY | t4]
e i - - - -@—-——- @ - ———|-- >
1
0.5X B=C B stores
Di--=-- e - = - - --- -0 - ~ -
0.9 071\ -
[A1BOC1 DO | t5]
AL
<05 A stores
0.5 S o

~

N

[AOBOC2DO0 | 5] [AYBOCIDO |t5] [AOB'CIDO |t5] [A1B1CODO| t3]

CONICET

o . & SOk UNIVERSITAT
Sy o« [ #e=s | UNC II'IIIII DES
{ o0 , ) U SAARLANDES




The problem of distributed information

£o 51 t2 £3 t4
Ar-- @ - -------@----—---~- -
30.1 0.5
B-------¢-- - - 4- " -"-"-"-"---|-= >
0.1 X 0.9
Ci--—----- - --—-@ - - - @ - — - —[-= >
O.SX
Di--=-- e - = - - --- -0 -

The decision has to be the same regardless
the occurrences of locally unknown events
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The
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' «+ ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s’ € S, then

14: LTr,(ts,re, ts") < {(k,r) € Tr.(s') | first(r) =n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts,rc,ts'))? k: 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’

Output: A routing table LTr,, for each node n Construct all RUCoP
1: for all ¢ < N do tables for c< N
2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' «+ ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s’ € S, then

14: LTr,(ts,re, ts") < {(k,r) € Tr.(s') | first(r) =n}

15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts,rc,ts'))? k: 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do Start from a safe state Safe_state(A,2,ty) = [A*B°COD° |t]
5. s« Safe_state(n, c, ts) - for node n with ¢ copies at

6. if s S. then time slot zs Safe_state(A,1,ty) = [ATBYCODC |t,]
7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}

8: ts' « ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' = ts' +1

13: if s’ € S,. then

14: LTr,(ts,re, ts") < {(k,r) € Tr.(s') | first(r) =n}

15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts,rc,ts'))? k: 0

19: end while

20: end if
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2: (S, Tre, Pr.) < RUCoP(G,c,T) [A2BOCO DO | 4]
3: end for
4: for all node n, time slot ts, and ¢ < N do Start from a safe state
5. s+ Safe_state(n, c, ts) for node n with ¢ copies at A stores
: - > G N0
6: if s € S. then time slot s 01" ~- . 0'1J
7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n} [A2BOCODO | ¢4]
8: ts' « ts
9: rc < (3 (k,n) € LT.(n,ts,c,ts'))? k: 0 B stores
10: while ¢ > 0 do
11: s' <= Post(LTr,(ts, rc,ts")) Not safe : : Not safe
12: ts' = ts' +1
13: if s’ € S,. then
14: LTr,(ts,re, ts") < {(k,r) € Tr.(s') | first(r) =n} A stores
15: else
16: break
17 end if [A°BOC2 DO |t3] [A'BOCIDO |t3] [A°BICIDO|t3] [A'B'CODO | t3]
18: rc < (3 (k,n) € LTr,(ts,rc,ts'))? k: 0
19: end while
20: end if
21: end for (;\%} uhie IIE.?:II gg;vsksmn
22: return LTr,, for all node n. — SAARLANDES




Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n

1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

& LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' «+ ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s’ € S, then

14: LTr,(ts,re, ts") < {(k,r) € Tr.(s') | first(r) =n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts,rc,ts'))? k: 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,, then

14: LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.

Sometimes a node has
some information about other
nodes (e.g. when it just sent a

message)
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,, then

14: LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.

t©1: B sends a copy to C who ack reception

Sometimes a node has
some information about other
nodes (e.g. when it just sent a

message)
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,, then

14: LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.

t: B knows C has a copy

Sometimes a node has
some information about other
nodes (e.g. when it just sent a

message)
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,, then

14: LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
15: else

16: break

17: end if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n

: for all ¢ < N do
(S, Tre, Pr.) < RUCoP(G,c,T)
end for
: for all node n, time slot ts, and ¢ < N do
s < Safe_state(n,c, ts)
if s € S. then
LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
ts' « ts
rc < (3 (k,n) € LT.(n,ts,c,ts'))? k: 0
while ¢ > 0 do
s < Post(LTr,(ts, rc, ts"))
ts' = ts' +1
if s € S,, then
LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
else
break
end if
rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0
end while
end if
: end for
: return LTr,, for all node n.

t+: B does not know if C has a copy

Sometimes a node has
some information about other
nodes (e.g. when it just sent a

message)
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,, then

14: LTr,(ts,re, ts") < {(k,r) € Try.(s") | first(r) = n}
1165 else

16:

17: end-if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.

t+: B does not know if C has a copy
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Third technique

Local decisions using RUCoP (L-RUCoP)

Input: number of copies N, target node T’
Output: A routing table LTr, for each node n
1: for all ¢ < N do

2. (S, Tre, Pr.) < RUCoP(G,c,T)

3: end for

4: for all node n, time slot ts, and ¢ < N do

5. s < Safe_state(n,c, ts)

6: if s € S. then

7 LTr,(ts,c,ts) < {(k,r) € Tr.(s) | first(r) =n}
8: ts' < ts

9: rc < (3 (k,n) € LT, (n,ts,c,ts'))? k: 0

10: while ¢ > 0 do

11: s < Post(LTr,(ts, rc, ts"))

12: ts' =ts' +1

13: if s € S,. then

14: LTr,(ts,re,ts") < {(k,r) € Tr.(s") | first(r)
15: else

16:

17: end-if

18: rc < (3 (k,n) € LTr,(ts, e, ts'))? k : 0

19: end while

20:  end if

21: end for

22: return L7r,, for all node n.

:n}
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Fourth technique

SMC + LSS of distributed schedulers

+ Resolving non-determinism in SMC+LSS

H(o.s) mod n
32-bit . state as a number of
hash function biit vesiar choices at s
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Fourth technique

SMC + LSS of distributed schedulers

+ Resolving non-determinism in SMC+LSS

H(o.s) mod n

< Resolving non-determinism in SMC+LSS+DS

H(o.(slyy,)) mod n;

bit vector limited number of choices of
to component i component i at s
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Fourth technique

SMC + LSS of distributed schedulers

Resolving non-determinism in SMC+LSS Input: Network of VMDP M = ||gv (Mx, ..., M) with [M] = (S, s, A, T),
goal set G C S, o € Z32, H uniform deterministic, PRNG U, .

1 s:= 8y
H(O--S) mod n 2 while s ¢ G do // break on goal state
3 if Vs = p: p={sr 1} then break // break on self-loops
4 = {j | T(s)N It( ) #0} // get active components
5 Up:({j — W ljeC}) // select component uniformly
Resolving non-determinism in SMC+LSS+DS 6 | 7= ()0 1) // et component’s transitions
7 a, p) := (H(a.sl s, ) mod |T;|)-th element of T; // schedule local transition
8 | s:=Upn(p) // select next state according to u

H<O-(S\1/Mz)) mOd Uz 9 return s € G

bit vector limited number of choices of
to component i component i at s
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Fourth technique

M

% Resolvin
g non—determi .
nism in SMC+L
SS

Input: Ne
: twork of VM
DP M =
B goal set G C S M = |[sv (M M,
s:= 81 C S, 0 € Zs2, H uni o -ooo M) with [M
) uniform deterministic P]]R:N<S7 s1, A, T)
, G U ’
pr-

H(O’.S) mOd n

1
2 while
0:0 ReSOI . S ¢ G do
VI ng no 3 if Vs 2
n-determini 4 = pip =
sm in SMC+LSS+DS o I A G S % oreal on gou state
r 1 o rea.
H(o.(sdar,) o | TimT(s)n (M 150} /) gt active self-loops
M,; ) mOd n; 7 (a, ) = ('H(at | i) // select COmponentOmponents
.8 ung,
8 | 5:=Upn(p) u,;) mod |T3])-th element of T/ / 9/6/15 component’s tr;”f?fmly
9 return i schedule 1 nsitions
s€C // select next statee ZZZ(Z);;?RSitiOn
mg to 7

bit vector limited

to nu
component i mber of choices of

co .
mponent i at s
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Experiments (delivery probability
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Figure 5: SDP gain over CGR in random networks.
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Figure 6: SDP, solving time, and memory for binomial networks with varying complexity (i.e., levels).
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Figure 7: SDP for RRN for different source-target nodes, contact plan duration, and scheduler sampling.
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Experiments (delivery probability)
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Figure 8: Solving time (left) and memory (right) for RRN for different source-target nodes, contact plan duration,
and scheduler sampling (R = RUCoP, L = LSS).
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Concluding remarks

0.
%

Clear increase of reliability (particularly L-RUCoP & CGR-UCoP)

« Comparison on latency is mixed. It very much depends on probability of link failure
<+ Particularly, (L-)RUCoP-1 & CGR-UCoP are more energy efficient than CGR

« All algorithms are demanding:

+ Routing tables need to be calculated on ground and uploaded to the satellites

+ (CGR requires uploading the contact plan, routing decisions are made on flight)

+ CGR-UCoP requires uploading an annotated contact plan, routing decisions are
made on flight. However, RUCoP is needed to annotate.
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