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The flying sidekick traveling salesman problem:
Optimization of drone-assisted parcel delivery
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Introduction
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(a) Amazon’s Prime Air UAV (b) DHL’s Parcelcopter (source: dhl.com)

(source: amazon.com)

Fig. 1. UAVs under evaluation for small parcel delivery.
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Introduction : Traditional delivery
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traditional ap-
proach, where a delivery
truck visits all customers.

UAV Flight
nge

(b) UAVs deliver to all eligible
customers within the UAV’s flight
range; the delivery truck serves
customers with large parcels or

B

(c) Optimized assignment of cus-

tomers to either a UAV or a tra-
ditional delivery truck.

those outside of flight range.
UAV 1 | 3 | 4 | 5 | Optimized UAV and
Truck | Depot — 9 l 98 l 8—2 l 97 l 76 I 6 — Depot I truck schedules [Fig. (c)]
UAV 1 | 3 | 4 | 5 [ s | 8 | | vav visits al eligible
Truck | Depot — 9 I 9—2 I 27 I 7 — Depot I customers [Fig. (b)]
16‘]‘5‘: Depot — 9 l 93 I 355 I 51 l 16 l 67 I 72
Time

| 2-8 [s8—a]4- Depot|
(d) A comparison of delivery schedules for the three systems depicted above.
(e.g., due to parcel weight restrictions).

4

Fig. 2. Customer deliveries are made by either a traditional delivery truck or via UAV. Customers 2 and 9 (circular nodes) are ineligible to be served via UAV
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Introduction : FSTSP (Flying Sidekick Traveling Salesman Problem)

UAV
L4

UAV Flight
ange

(a) An optimal truck deliv-
ery sequence, without the

(b) The UAV is launched from a
delivery truck, delivering parcels to

aid of a UAV. two eligible customers.
UAV 4576 6—1—5
Truck Depot — 3 | 3-9 | 92 [ 2—8 [s—4 4-6 655 5 — Depot |
Tuck Depot — 3 | 3-9 | 92 | 2—s8 [g—4a] a-7 | 7-6 J6—1 ] 1-5 | 5—Depot
Time >

(c) A comparison of delivery schedules for the two scenarios depicted above.

Fig. 3. In cases where the distribution center (depot) is not conducive to direct UAV deliveries, a truck/UAV tandem may reduce delivery times. Customers 2

and 9, depicted by circular nodes above, are ineligible to be served via UAV.
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FSTSP Notation

 Par

C
c' :
N
Ny :
Ny

M

ameters

: Set of all customers. C = {1,2, ..., c}

The subset of customers that may be serviced by the UAV. C'S C

: Set of all nodes in the network. N = {0,1, ..., c + 1}

No={0,1, ..., c}

N, ={12,..,c+ 1}

: The time required for the truck to travel from node i € Ny tonode j € N;.Tg .41 = 0.
: The analogous travel time for the UAV.

: The time required by the truck driver to prepare the UAV for launch.

: The time required by the truck driver to recover the UAV upon rendezvous.

: The flight endurance of the UAV.

: The set of tuples of the form (i, j, k).

— (the launch point i, the delivery point j, the rendezvous point k) i € Ny, j € {C":j # i},
k € {N+:k ¢],k * l,T{] +T]{k < 6'}
A sufficiently large number.

« Decision variables

xij
YVijk -

tj

!
tj
pij

Uu;. -

: 1 1f the truck travels from node i € N, to j € N, where j # i, 0 otherwise.

1 if the UAV is launched from node i € N, travels to node j € C, and returns to a truck or
the ending depot at node k € {N,: (i, j, k) € P}, 0 otherwise.

: The time at which the truck arrives at node j € N,. ti = 0, to = 0.
: The time at which the UAV arrives at node j € N,. tjf >0, t(') = 0.
: 1 if customer i € C is visited at some time before customer j € {C:j # i} in the truck’s path,

0 otherwise. pg; = 1 Vj € C. 416
Specifies the position of node i € N, in the truck’s route. 1 < u; < ¢ + 2.



FSTSP Mathematical Formulation

= min{max{tc.1,te1}} + (14), (15)

X+ > yu=1 VjeC

ieNg ieNg keNy

i#j i (ij.k)eP
> X =1
JeN
> Kies1 =1
iENO
U—u+1<(c+2)(1-%x;) VieCje{N,:j#i}
inj = ijk VieC |
ieNg keN (])
. - ] By
Zzyw 1 VIGNU launch(i)_,,—"' ",
jeC keN4 Pt ",
J#L (i k)eP )
E Zy,,k <1 VkeN,; -\f;dezvous (k)
ieNg  jeC

mk (ij.k)eP

2.Vijk < ZX},,‘ +lek VieCje{C:j+# l}’k e {N,

heNg leC
h#i Ik

: (i,j,k) € P}

Yojx < thk VjieCke{N,

heNg
h#k

:(0,j,k) € P}

(1)
(2)

3)
(4)

()
(6)

(7)

)

(10)

uku,/l(c+2)(12y,}k) VieCke{N, ki) (11)

{ij.kyeP

Minimize the latest time at which either the truck
or the UAV return to the depot. (1)

Each customer to be visited exactly once. (2)

The truck departs from the depot exactly once. (3)

The truck to return to the depot exactly once. (4)

Subtour elimination constraints for the truck. (5)
A truck visiting node j must also depart from j. (6)

The UAV may launch from any particular node,
including the depot, at most once. (7)

The UAV may rendezvous at any particular node,
(including customers and the ending depot) at
most once. (8)

If the UAV launches from customer i and is
collected by the truck at node k, then the truck
must be assigned to both nodes i and k. (9)

If the UAV launches from the starting depot 0
and is collected at node k, then the truck must be
assigned to node k. (10)

If the UAV launches from customer i and is
collected at node k, then the truck must visit i
before k. (11)
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FSTSP Mathematical Formulation

jeC keNy
A (ijkyeP
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keN

€Ny
(ijk)ep
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ieNg
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CH
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(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)
(20)
(21)
(22)

(23)

The truck and the UAV are time-coordinated when
the UAV is launched from customer node i. (12,13)

The truck and the UAV are time-coordinated when
the UAV returns to the truck at node k. (14,15)

Suppose the truck travels from h € Ny to k € N,.
If the UAV were launched from k, S; must be incorporated.
If, prior to launching from k, Sy must be also incorporated. (16)

If the UAV launches from node i, then its arrival time at some
node j must incorporate the travel time from i to j. (17)

If the UAV is retrieved by the truck at node k, then the arrival
time at k must incorporate the travel time from j to k plus the
recovery service time at k, Sg. (18)

The UAV’s flight endurance. (19)
Determine the proper values of p;;. (20,21,22)

Suppose the UAV launches from i and returns to k. Further,
suppose that the UAV later launches from [ (p;; = 1).
Constraint (23) will prevent the launch time from [, t;, from

preceding the return time to k, ty,. (23) 6/16



FSTSP Heuristic : A route and re-assign heuristic
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(a) The delivery truck is initially (b) UAV-eligible customer 5 has (c) Customer 4 is assigned to the
assigned to visit all customers. been removed from the truck’s UAV. There are now three truck

truckSubRoutes = truckRoute = route and is assigned to the UAV. subroutes, and Cprime = {6}.
{0,3,6,2,5,1,4,7}. Cprime = The UAV is launched from the de-
C' = {6,2,5,4}. pot (node 0) and is recovered by

the truck at node 2. There are now
two truck subroutes, {0, 3, 6,2} and
{2,1,4,7}; Cprime = {6,4}.

Fig. 4. A notional example to demonstrate the FSTSP heuristic. Nodes 0 and 7 represent the depot. Customers in C' (UAV-eligible) are shown in boxed nodes,
while the remaining circular nodes represent UAV-ineligible customers.
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The Parallel drone scheduling TSP (PDSTSP)

« Parameters

V' : Set of identical UAVs
C" : UAV customers that are also within the UAV’s range from the depot . C"'< C’
(customeri € C'isinset C" if1y; + 7/ .11 < €)

« Decision variables

X;j . 11if the truck travels from node i € Ny to node j € {N,:j # i}, 0 otherwise.
Yiv @ 1if customer i € C" is served by UAV v € V, 0 otherwise.
il; : Specifies the position of node i € N, in the truck’s route. 1 < 4; < ¢ + 2.

Minimize the latest return time to the depot for both the UAV

Min z (33)  and the truck. (33)
st.oz>) 0 > Tk (34)  Provide lower bounds on z, based on truck. (34)
iENgj c N+
J#i
zZ> Z(‘E{)’i +Ti1)Viv YO EV (35)  Provide lower bounds on z, based on UAV assignments. (35)
ieC”
Y xj+ Y V=1 VjeC (36)  Each customer is visited exactly once, either by the truck or
i< Ny veV a UAV. (36)
i#] jec
Xoj =1 (37)  The truck to leave the depot exactly once. (37)
2 p y
JeN,
D Xien =1 (38)  The truck returns to the depot. (38)
fGNO
o oxj= > X VjeC (39)  Specify that a truck entering a customer node must also
ie Ny keN, leave that node. (39)
i#] k+#j

U —uj+1<(c+2)(1-%;) VieC je{N,:j#i} (40) A standard subtour elimination constraint. (40)
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PDSTSP Heurristic

« PDSTSP= TSP2} PMS(parallel identical machine scheduling) problem with a
minimal makespan objective 7} &l =]
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Empirical results : Analysis of the FSTSP Heuristic framework
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Table 1
A summary of the FSTSP heuristic’s performance with various TSP solution approaches.
TSP solution approach Gap (%) Runtime (s)
Avg Min Max Avg Min Max
IP -1.16 -21.73 11.59 5.026 0.380 31.540
Savings 0.33 -17.33 14.07 0.004 0.001 0.006
Nearest neighbor 291 -12.45 19.26 0.004 0.001 0.006
Sweep 8.33 -15.70 30.93 0.004 0.001 0.006
FSTSP formulation 1800.000 1800.000 1800.000




Empirical results : Analysis of the PDSTSP Heuristic framework
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Details of heuristic performance on small PDSTSP instances.

PDSTSPL= TSPt PMS7 ZBHE|N U

+ TSP :IP, Savings, Nearest
*+ PMS : IP, LPT(longest processing time first heuristic)
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Solution approach

10 Customers

20 Customers

Gap (%) Runtime (s) Gap (%) Runtime (s)

TSP PMS Avg Max Avg Max Avg Max Avg Max

IP IP 0.12 10.13 2.4856 29.97 0.22 5.53 495.272 21510.61
IP LPT 0.12 10.13 2.3093 28.85 0.31 18.00 498.057 21521.31
Savings IP 1.57 20.68 0.2373 8.26 3.79 18.83 3.721 80.68
Savings LPT 1.58 20.68 0.0003 0.01 3.90 18.83 0.008 0.07
Nearest IP 5.46 37.17 0.2335 8.26 10.63 34.21 3.137 65.83
Nearest LPT 5.46 37.17 0.0003 0.01 10.68 34.21 0.002 0.02
PDSTSP formulation 0.3194 2.02 77.775 180.00




Empirical results : Speed vs Endurance
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(b) Three available UAVs

Fig. 7. Impacts of speed and endurance for the PDSTSP. Numbers above each speed/endurance pair represent groupings of equivalent total flight distances.
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Fig. 8. Impacts of speed and endurance for the FSTSP. Numbers above each speed/endurance pair represent groupings of equivalent total flight distances.
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Empirical results : Contrasting the FSTSP and PDSTSP
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(a) Optimal PDSTSP solution (b) Optimal FSTSP solution
Ay - | - |+ | - | PDSTSP Solution
Truek| D—9 | 9-8 | 8—2 | 27 [ 7—6 |6-D|

UAV | D48 1-6—D N
Truck [ D [5—-3] 3-9 | o—8 [ 8—2 | 27 | 7-1 1-D FTSE Solution

Tk D—3 [ 390 | 9-2 | 2-8[s—q a-7 | 726 61| 1-5 |

Time

W

(c) A comparison of delivery schedules for the two systems depicted above. The “Truck Only” schedule
represents an optimal TSP solution for a single truck serving all customers

Fig. 9. Six customers are within the UAV’s flight radius from a centrally-located depot. Customers 2 and 9 (circular nodes) are ineligible to be served via
UAV (e.g., due to parcel weight restrictions).
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Empirical results : Contrasting the FSTSP and PDSTSP
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(¢c) A comparison of delivery schedules for the two systems depicted above. The
“Truck Only” schedule represents an optimal TSP solution for a single truck serving

all customers.

Fig. 10. Four customers are within the UAV’s flight radius from a slightly offset depot. Customers 2 and 9 (circular nodes) are ineligible to be served via UAV

(e.g., due to parcel weight restrictions).
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Empirical results : Contrasting the FSTSP and PDSTSP
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(¢) A comparison of delivery schedules for the two systems depicted above. The “Truck Only”
schedule represents an optimal TSP solution for a single truck serving all customers.
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Fig. 11. Only two customers are within the UAV flight radius from a remotely-located depot. Customers 2 and 9 (circular nodes) are ineligible to be served /
via UAV (e.g., due to parcel weight restrictions).



FSTSP & PDSTSP vs HDTRP
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