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Abstract

The Multi-Agent Pickup and Delivery (MAPD) problem
models applications where a large number of agents attend
to a stream of incoming pickup-and-delivery tasks. Token
Passing (TP) is a recent MAPD algorithm that is efficient
and effective. We make TP even more efficient and effec-
tive by using a novel combinatorial search algorithm, called
Safe Interval Path Planning with Reservation Table (SIPP-
wRT), for single-agent path planning. SIPPWRT uses an ad-
vanced data structure that allows for fast updates and lookups
of the current paths of all agents in an online setting. The re-
sulting MAPD algorithm TP-SIPPwRT takes kinematic con-
straints of real robots into account directly during planning,
computes continuous agent movements with given velocities
that work on non-holonomic robots rather than discrete agent
movements with uniform velocity, and is complete for well-
formed MAPD instances. We demonstrate its benefits for au-
tomated warehouses using both an agent simulator and a stan-
dard robot simulator. For example, we demonstrate that it can
compute paths for hundreds of agents and thousands of tasks
in seconds and is more efficient and effective than existing
MAPD algorithms that use a post-processing step to adapt
their paths to continuous agent movements with given veloc-
ities.

Introduction

In the Multi-Agent Pickup and Delivery (MAPD) problem
(Maetal. 2017), m agents a; . . . a,, attend to a stream of in-
coming pickup-and-delivery tasks in a given 2-dimensional
4-neighbor grid with blocked and unblocked cells of size
L x L each. Agents have to avoid collisions with each other.
A task 7; is characterized by a pickup cell s; and a delivery
cell g;. The task is inserted into the system at an unknown
time. The task set 7 contains the unassigned tasks in the sys-
tem. An agent not executing a task is called a free agent. It
can be assigned any one task 7; € 7 at a time and then has
to move from its current cell via cell s; to cell g;, implying
that it has to move an object from cell s; to cell g; and can
carry at most one object at a time. Once it arrives at cell s, it
starts to execute task 7; and is called a task agent. Later, once
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it arrives at cell g;, it has executed task 7; and becomes a
free agent again. A MAPD instance is solved iff all tasks are
executed in a bounded amount of time after they have been
inserted into the system. The MAPD problem models appli-
cations such as warehouse robots that move shelves (Wur-
man, D’Andrea, and Mountz 2008), aircraft towing robots
that move planes (Morris et al. 2016), and office delivery
robots that move packages (Veloso et al. 2015).

Most MAPD algorithms solve the multi-agent pathfind-
ing problem (Ma and Koenig 2017) in an inner loop. The
multi-agent pathfinding problem is to compute collision-free
paths for multiple agents and is NP-hard to solve optimally
(Yu and LaValle 2013b; Ma et al. 2016b). Ways of solving
it (and its variants) include reductions to other well-studied
combinatorial problems (Yu and LaValle 2013a; Erdem et
al. 2013; Surynek 2015) and dedicated algorithms based on
search and other techniques (Silver 2005; Standley 2010;
Wang and Botea 2011; Luna and Bekris 2011; Sharon et
al. 2013; Goldenberg et al. 2014; Wagner and Choset 2015;
Sharon et al. 2015; Cohen et al. 2016; Ma and Koenig 2016;
Ma, Kumar, and Koenig 2017; Nguyen et al. 2017). See (Ma
et al. 2016a; Felner et al. 2017) for complete surveys.

Token Passing (TP) (Ma et al. 2017) is a recent MAPD
algorithm that is efficient and effective. It assumes, like
many multi-agent pathfinding algorithms, discrete agent
movements in the main compass directions with uniform
velocity but can use MAPF-POST (Honig et al. 2016a;
2016b) in a post-processing step to adapt its paths to contin-
uous forward movements with given translational velocities
and point turns with given rotational velocities. However,
the resulting paths might then not be effective since plan-
ning is oblivious to this transformation. TP needs to repeat-
edly plan time-minimal paths for agents that avoid collisions
with the paths of the other agents. We show how TP can be
made even more efficient by using Safe Interval Path Plan-
ning with Reservation Table (SIPPwRT), our contribution
to improve SIPP (Phillips and Likhachev 2011) for this and
many other applications. We also show how TP can be made
more general by letting SIPPWRT directly compute contin-
uous forward movements and point turns with given veloc-
ities. The resulting MAPD algorithm TP-SIPPWRT guaran-
tees a safety distance between agents and solves all well-
formed MAPD instances.



TP-SIPPWRT

TP (Ma et al. 2017) is a recent MAPD algorithm that as-
sumes discrete agent movements in the main compass di-
rections with a uniform velocity of typically one cell per
time unit on a grid. It is similar to Cooperative A* (Silver
2005) and can be generalized to a fully distributed MAPD
algorithm. We describe TP very briefly but its important im-
plication for this paper is that agents repeatedly plan paths
for themselves (in Steps TP1 and TP3 below), considering
the other agents as dynamic obstacles that follow their paths
and with which collisions need to be avoided. The agents
use space-time A* for this single-agent path planning.

A set of endpoints is any subset of cells that contains at
least all start cells of agents and all pickup and delivery cells
of tasks. The pickup and delivery cells are called task end-
points. The other endpoints are called non-task endpoints. A
MAPD instance is well-formed iff the number of tasks is fi-
nite, there are no fewer non-task endpoints than agents, and
there exists a path between any two endpoints that does not
pass through other endpoints (Cdp, Vokrinek, and Kleiner
2015; Ma et al. 2017). TP solves all well-formed MAPD in-
stances (Ma et al. 2017).

TP operates as follows for a given set of endpoints: It uses
a token (a synchronized block of shared memory) that stores
the task set and the current paths, one for each agent. The
system repeatedly updates the task set in the token to con-
tain all unassigned tasks in the system and then sends the
token to some agent that is currently not following a path.
The agent with the token considers all tasks in the task set
whose pickup and delivery cells are different from the end
cells of all paths in the token. TP1: If such tasks exist, then
the agent assigns itself that task among these tasks whose
pickup cell it can arrive at the earliest, removes the task from
the task set, computes two time-minimal paths in the token,
one that moves the agent from its current cell to the pickup
cell of the task and then one that moves the agent from the
pickup cell to the delivery cell of the task, concatenates the
two paths into one path, and stores the resulting path. TP2:
If no such tasks exist and the agent is not in the delivery cell
of any task in the task set, then it stores the empty path in
the token (to wait at its current cell). TP3: Otherwise, the
agent computes and stores a time-minimal path in the token
that moves the agent from its current cell to some endpoint
that is different from both the delivery cells of all tasks in
the task set and from the end cells of all paths in the token.
(This rule is necessary to avoid deadlocks.) Each path the
agent computes has two properties: (1) It avoids collisions
with all other paths in the token; (2) No other paths in the
token use its end cell after its end time. Finally, the agent
releases the token, follows its path, and waits at the end cell
of the path.

We now show how TP can be made more general by re-
placing space-time A* with SIPPwRT, a version of SIPP that
computes continuous forward movements and point turns
with given velocities rather than discrete agent movements
in the main compass directions with uniform velocity. We
make some simplifying assumptions throughout this paper
even though TP-SIPPWRT and SIPPwWRT could easily be
generalized beyond them, mostly because these assumptions
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are necessary to compare TP-SIPPwRT against state-of-the-
art MAPD algorithms and, as a bonus, make it easier to ex-
plain TP-SIPPwRT: We assume that each agent a; is a disk
with radius R; < L/2 and use its center as its reference
point. The configuration of an agent is a pair of its location
(cell) and orientation (main compass direction). Agents al-
ways move from the center of their current unblocked cell
to the center of an adjacent unblocked cell via the follow-
ing available actions, besides waiting: a point turn 7 /2 rads
(ninety degrees) in either clockwise or counterclockwise di-
rection with a given rotational velocity and a forward move-
ment to the center of the adjacent cell with a given trans-
lational velocity. The agents can accelerate and decelerate
infinitely fast. The paths of two agents are free of collisions
iff the interiors of the agent disks never intersect when they
follow their paths.

SIPPwWRT

Space-time A* and SIPP are two versions of A* that both
plan time-minimal paths for agents from their current cells to
given goal cells, considering the other agents as dynamic ob-
stacles that follow their paths and with which collisions need
to be avoided. They both assume discrete agent movements
in the main compass directions with a uniform velocity of
typically one cell per time unit on a grid. Space-time A* op-
erates on pairs of cells and time steps, while SIPP groups
contiguous time steps during which a cell is not occupied
into safe (time) intervals for that cell and thus operates on
pairs of cells and safe intervals. This affords the A* search
of SIPP pruning opportunities because it is always prefer-
able for an agent to arrive at a cell earlier during the same
safe interval since it can then simply wait at the cell. Thus, if
the A* search of SIPP has already found a path that arrives
at some cell at some time during some safe interval and then
discovers a path that arrives at the same cell at a later time
in the same safe interval, then it can prune the latter path
without losing optimality. SIPP has already been used for
robotics applications (Narayanan, Phillips, and Likhachev
2012; Yakovlev and Andreychuk 2017). We generalize it to
continuous forward movements and point turns with given
velocities in the following, where a safe interval for a cell
is now a maximal contiguous interval during which the cell
is not occupied by dynamic obstacles. Since SIPPwRT, the
resulting version of SIPP, is guaranteed to discover collision-
free paths (like space-time A*) when used as part of TP, TP-
SIPPwWRT, the resulting version of TP, continues to solve all
well-formed MAPD instances.

Reservation Table and Safe Intervals

SIPP represents the path of each dynamic obstacle as a
chronologically ordered list of cells occupied by the dy-
namic obstacle, which is not efficient since SIPP has to it-
erate through all these lists to calculate all safe intervals of
a given cell. On the other hand, space-time A* maintains a
reservation table that is indexed by a cell and a time step,
which allows for the efficient calculation of all safe intervals
of a given cell.

SIPPwRT improves upon SIPP using a version of a reser-
vation table that handles continuous agent movements with



given velocities and is indexed by a cell. A reservation ta-
ble entry of a given cell is a priority queue that contains all
reserved intervals for that cell in increasing order of their
lower bounds. A reserved interval for a cell is a maximal
contiguous interval during which the cell is occupied by
some dynamic obstacle. The reservation table allows SIPP-
wRT to implement all operations efficiently that are needed
by TP-SIPPwWRT, namely to (1) calculate all safe intervals of
a given cell; (2) add reservation table entries after a new path
has been calculated; and (3) delete reservation table entries
that refer to irrelevant times in the past in order to keep the
reservation table small.

Function GetSafelntervals. GetSafelntervals(cell) returns
all safe intervals for cell cell in increasing order of their
lower bounds. The safe intervals for the cell are obtained as
the complements of the reserved intervals for the cell with
respect to interval [0, oo]. For safe interval ¢ = [i.lb, i.ub]
and a dynamic obstacle departing from cell cell at time 7./b,
dep_cfg|cell, ] is the configuration of the dynamic obstacle
at time ¢.lb. It is NULL iff ¢.Ib < current_t. Similarly, for
safe interval ¢ = [i.lb,i.ub] and the dynamic obstacle ar-
riving at cell cell at time i.ub, arr_cfg[cell, i] is the config-
uration of the dynamic obstacle at time ¢.ub. It is NULL iff
i.ub = 0.

Time Offsets

The safe intervals of a cell represent the times during which
the cell is not occupied. However, this does not mean that
an agent can arrive at any of those times at the cell since
the agent might still collide with a dynamic obstacle that has
just departed from the cell or is about to arrive at the cell.
Thus, the lower and upper bounds of a safe interval have to
be tightened using the following time offsets.

Function Offset(cfgl, cfg2) returns the time offset AT that
expresses the minimum amount of time the center of some
unknown agent a; with safety radius R; and translational
velocity vyqns; needs to depart from the center of a cell
cfgl.cell = | with configuration cfgl before the center of
some unknown agent ao with safety radius R, and transla-
tional velocity sus2, coming from some cell I/, arrives at
the center of the same cell ¢fg2.cell = [ with configuration
cfg2 to avoid a collision. The time offset is zero iff either
¢fgl = NULL or c¢fg2 = NULL, meaning that either agent
a1 or agent as does not exist. The calculation of the time
offset requires only knowledge of the configurations, safety
radii, and velocities of both agents.'

Assume that agent ay departs from cell !’ at time 0 (and
thus arrives at cell / at time ¢/ = —& ~) and agent a; departs

from cell [ at time ¢4 < -*—. D(t) is the distance between

the agents, where ¢ is the amount of time elapsed after agent
ay departs from cell I’. It must hold that D(¢) > R; + Rs to
avoid that the two agents collide. We distinguish three cases
to calculate the time offset AT"

'In the pseudocode of SIPPWRT, we show how to keep track of
the configurations but do not include the safety radii and velocities
in the configurations for ease of readability (although this needs to
be done in case they are not the same for all agents and times).
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Figure 1: Left: Two agents move in the same direction. Mid-

dle: D is at its minimum for the vygpns,; < Vgans,2 case. Right:
D is at its minimum for the V51 2> Vyans,2 case.

&) o

Figure 2: Left: Two agents move in orthogonal directions.
Right: D is at its minimum.

(a) Same Direction. Both agents move in the same direc-
tion (meaning that the orientations of configurations cfg/
and cfg2 are equal), see Figure 1 (left), where gray lines con-
nect the centers of cells. In this case, D(t) = L — Vyans 2t +
Vtrans,1 (t — tq). We now distinguish two sub-cases to show
that the time offset is AT = R+ R,

Wi (Virans, 1 Virans,2) *
(al) Case Vyans,1 < Utrans,2- This case is shown in Figure
1 (middle). D(t) decreases as the time ¢ increases. D(t) thus

reaches its minimum at the time ¢ = ¢/ = ﬁ when agent
(t) >

ay arrives at cell [. Substituting ¢t = L

R; + R5, we have
D(t)=L- —tq)

—tq) > R + Rs.

Ulram,2t + Vtrans, 1 (t

= Utrans,1 (
Utrans,2

Therefore, t4 < - = RJLI?Q. The time offset AT is thus
trans, trans,
AT =t —maxty = —L— — (L — BidRey _ Buthy
Vtrans,2 Vtrans,2 Vtrans, 1 Vrrans, 1

(a2) Case Vyans,1 = Uirans,2- This case is shown in Figure
1 (right). D(¢) decreases before agent a; starts to move and
then increases as the time ¢ increases. D(¢) thus reaches its
minimum at the time ¢ = ¢4 when agent a; starts to move.
Substituting ¢ = t4 back into D(t) > Ry + Ra, we have

_L

D(t) = L — vyans2t + Vyans,1 (t — ta) = L — Vyans2ta

L=(BitR2) The time offset is thus AT =

Vtrans,2
L _ L_(R1+R2) — Ri+Ro
Vtrans,2 Vtrans2

Vtrans,2

> Ry + R».

Therefore, tg; <

t' —maxty =

(b) Orthogonal Directions. Both agents move in or-
thogonal directions, see Figure 2. In this case, D(t)

— \/(vtmm,](t ta))2 4 (L — Vgans2t)?. We determine the
time ¢ at which D(¢) > 0 reaches its minimum by solving

2
8522 = 0. Substituting the result t = Va1 ba Va2 L
D? > (R + Ry)?,
D2 (t) (L - ’Utrans,Zt)Q + (’Utrans,l(t -
(Utrans,l (vtrans,th - L))2

(vt2ranx,] + Ut2ranx,2)

into

Utmn.\,l + Urran.v,Z
we have

ta))?
> (Ry + Ry)2.




Since L 2 /Utrans,ths we have Utrans,I(L - Utrans,th)
> Vst + Vians2(R1 -+ Rg). Therefore, tq <

Vi L Ve T Vineg (B HR2) ooy i o et is thus AT

Vtrans, 1 Vtrans,2

2 2
Vtrans, 1 L— Virans, 1 + Vtrans.2

=t — maxty = L
VUrrans,2

V UIQrmxs, 1 +v12mm,2 (Rl + R )

Vtrans, 1 Vtrans,2

(R1+R2) _

Vtrans, 1 Vtrans,2

(c) Opposite Directions. Both agents move in opposite
directions, that is, agent a; moves from cell [ to cell I’
and agent ay moves from cell I’ to cell . The time off-
set is set to allow agent a1 to arrive at cell I’ even before
agent ay departs from cell I’. In this case, the time offset is
AT = L which is the sum of the times that agent

5
Vtrans, 1 Vtrans,2

a1 needs to move from cell [ to cell I’ and that agent ao needs
to move from cell I’ to cell I. We later show that SIPPwWRT
avoids collisions when it uses all bounds simultaneously.

Increased/Decreased Bounds

The algorithm calls the following functions to tighten the
lower and upper bounds of safe interval ¢ during which an
agent can stay at cell [ = ¢fg.cell safely.

The algorithm calls Function GetLB1(cfg, i) for an agent
as to return max;(j.lb + Offset(dep_cfg[cfg.cell, j], cfg)).
Here, j.lb + Offset(dep_cfglcfg.cell,j],cfg) is the in-
creased lower bound for each safe interval j in
GetSafelntervals(cfg.cell) with j.lb < 4.lb. For agent
ao that arrives at cell [ = ¢fg.cell from another cell I’ with
configuration cfg, the idea is to prevent it from colliding
with any dynamic obstacle a; that departs from cell | with
configuration dep_cfg[cfg.cell, j] before ay arrives at cell [.

The algorithm calls Function GetUBI(cfg, i) for an agent
a1 to return min;(j.ub — Offset(cfg, arr—cfg[cfg.cell, j])).
Here, j.ub Offset(cfg, arrcfglcfg.cell, j]) is the
decreased upper bound for each safe interval j in
GetSafelntervals(cfg.cell) with jub > i.ub. For agent
a1 that departs from cell [ = c¢fg.cell with configuration cfg,
the idea is to prevent it from colliding with any dynamic
obstacle as that arrives at cell [ from another cell I’ with
configuration arr_cfg|cfg.cell, j] after a; departs from cell [.

The algorithm calls Function GetLB2(cfg, i) for an agent
a1 to return max; (j.lb + -~ L ) Here, j.lb + £ —

Vfrans Vtrans v},
UL is the increased lower bound for each safe inter-
trans

val j in GetSafelntervals(cfg.cell) where the orientation of
dep_cfg|cfg.cell, j] is the same as that of ¢fg and j.lb < i.lb.
For agent a, that departs from cell | = cfg.cell with config-
uration cfg and translational velocity vy,,,s and moves also
toward cell I’, the idea is to prevent it from arriving at cell
I’ earlier than (and thus “passing through™) any dynamic ob-
stacle as that departs from cell [ before agent a; with con-
figuration dep_cfg|cfg.cell, j] and translational velocity v},
and moves also toward cell I’

The algorithm calls Function GetUB2(cfg, i) for an agent
ay to return min; (j.lb + = L) Here, j.lb + = —

Virans Vtrans vy
% is the decreased upper bound for each safe inter-
trans

val j in GetSafelntervals(cfg.cell) where the orientation of
dep_cfg|cfg.cell, j] is the same as that of ¢fg and j.1b > i.ub.
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For agent a, that departs from cell | = cfg.cell with config-
uration cfg and translational velocity vy,,s and moves also
toward cell I/, the idea is to prevent it from arriving at cell I’
later than (and thus “being passed through” by) any dynamic
obstacle a9 that departs from cell [ after agent a; with con-
figuration dep_cfg|cfg.cell, j] and translational velocity v},
and moves toward cell I'.

Admissible H-Values

Step TP1 of TP-SIPPWRT requires an agent to use SIPP-
wRT twice, namely (1) to plan a time-minimal path from its
current configuration to a candidate set of endpoints (pickup
cells) and (2) to plan a time-minimal path from the result-
ing configuration to a particular endpoint (a delivery cell).
Step TP3 requires the agent to use SIPPWRT once to plan a
time-minimal path from its current configuration to a candi-
date set of endpoints (to avoid deadlocks). The agent always
moves along each path with given (fixed) translational and
rotational velocities (unless it waits). Thus, SIPPwRT has to
plan only paths to a given set G of one or more endpoints.
By ignoring the dynamic obstacles, we determine the admis-
sible h-values needed for the A* search of SIPPwWRT to plan
time-minimal paths as follows: We calculate a time-minimal
path that excludes waiting for the agent from each configura-
tion cfg to each configuration cfg’ whose cell is an endpoint
(by searching backward once from each configuration cfg’).
We then use the minimum heuristic (Stern, Goldenberg,
and Felner 2017) h(cfg, G) = mingy cncc h(cfg, cfg’) as
admissible h-value of configuration cfg, where h(cfg, cfg’)
is the calculated time of the time-minimal path from cfg
to cfg’. In practice, if set G is large and endpoints are
densely distributed across the grid, it is more efficient to
use h(cfg, G) = 0 (as we do for Step TP3 of TP-SIPPwRT)
since it can be calculated faster even though SIPPwRT might
expand more nodes.

Pseudocode

Algorithm 1 shows the pseudocode of SIPPwWRT, which
plans a time-minimal path for an agent with translational
velocity vy4,s and rotational velocity v,, from its configu-
ration start_cfg at time current_t to a cell in set G. SIPPWRT
performs a regular A* search with nodes that are pairs of
configurations of the agent and safe intervals. The g-value
g[n] of a node n = (n.cfg, n.int) with configuration n.cfg
and safe interval n.int = [n.int.lb, n.int.ub) is the earliest
discovered time in n.int when the agent can be in configura-
tion n.cfg. The start node is n = (start_cfg, [current_t, >c|)
with g[n] = current_t. The safe interval n.int of the start
node expresses that the agent can wait forever in its current
configuration. A node n is a goal node iff the cell of its con-
figuration is in set G and the agent can wait forever in its
configuration (n.int.ub = o).

In our implementation of SIPPwRT, each action is a furn-
and-move action, i.e., a point turn into one of the four com-
pass directions followed by a wait (when necessary) and
then a forward movement to a neighboring unblocked cell.
Since only forward movements define the temporal con-
straints between safe intervals of neighboring cells, the state



Algorithm 1: siPPwRT.

1 Function SIPPwRT(start_cfg, G, current_t, Usaps, vm, )
2 | Nyan  NewNode((start_cfg, [current_t, oo

3 | g[nswan]  current.t,

4 OPEN <+ {TLW,/}

5 | while OPEN # 0 do

6 n < argmin,scoppy(9[n’] + h(n' cfg, G));
7 OPEN « OPEN \ {n};

8
9

if n.cell € G and n.int.ub = oo then
|_ return path from start_cfg to n.cfg;

10 successors <— GetSuccessors(n);

11 foreach n’ € successors do

12 if g[n/] is undefined then

13 | g[n'] + oo;

14 if g[n'] > g[n] + cost[n, n’] then

15 parem[n’] —n;

16 g[n ] = g[n] + cost[n,n'];

17 ifn’ OPEN hen

18 | OPEN « OPEN U {n'};

19 | return no path exists (does not happen for well-formed MAPD instances);

20 Function GetSuccessors(n,)

21 | successors < (

22 | foreach legal turn-and-move action in n do

23 ¢fg-t < configuration resulting from executing the point turn of action in
n.cfg (cfg-t.cell = n.cfg.cell);

24 ubl < GetUBI(cfg-t, n.int);

25 b2 < GetLB2(cfg-t, n.int);

26 ub2 <+ GetUB2(cfg-t, n.int);

27 b < max((g[n] + Atwm(action, vyy)), Ib2);

28 ub < min(ubl, ub2);

29 f b < ub then

30 cfg’ < configuration resulting from executing the forward movement in

action in n.cfg-t;

31 i'.Ib < Ib + Atyove (action, Vians);

32 i’ b < ub + Atyove (action, Vians);

33 safelntervals < GetSafelntervals(cfg’ .cell);

34 foreach i’ € safelntervals do

35 Ibl < GetLBI(cfg',i"");

36 if [Ib1, 7 .ub] N7 # O then

37 t' < max(i’.lb, Ibl);

38 n’ « NewNode({cfg',i"));

39 costln,n'] + t' — g[n];

40 successors < successors U {n'};

| return successors;

M

space of our search remains unaffected by the use of turn-
and-move actions instead of separate point turn, move, and
wait actions independently.

Function GetSuccessors. GetSuccessors(n) calculates the
successors of node n by considering all legal turn-and-move
actions action available to the agent in configuration n.cfg
[Line 22]. Assume that executing the point turn of action
action takes Aty (action, vy, ) time units and results in con-
figuration cfg_t with which the agent departs from its current
cell [Line 23]. The agent must depart from its current cell no
later than /b and no earlier than ub to avoid colliding with
dynamic obstacles that also visit its current cell [Lines 24-
28]. If the agent can depart from its current cell [Line 29],
then assume that executing the forward movement of ac-
tion action in configuration c¢fg_t takes At oy (action, Vyans)
time units and results in successor configuration cfg’ [Line
30]. The agent waits an appropriate amount of time in con-
figuration cfg_t after the point turn, then executes the for-
ward movement, and arrives in configuration cfg’ in interval
i = [Ib 4 Atyove(action, Virans), ub + At yoye (action, virans)]
[Lines 31-32]. The successors of node n are generated by
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Figure 3: Left: Small simulated warehouse environment.
Right: Large simulated warehouse environment.

Table 1: Experiment 1. (Inapplicable entries are dashed.)

Aoor | discrete | discrete SIVC make lan [post-proc std;
algorithm | vt srvc time |[makespan| time span Eme time thpt thp}t,
0.50 944.0312,475.58 0.90 0.39710.433
TP-SIPPWRT|0.75 - - 601.69|1,755.22 0.92 - 0.55210.632
1.00 435.26|1,392.00 0.83 0.6890.782
0.50 049.51(2,617.00 264.66 [0.370(0.406
CENTRAL |(.75]|| 325.28 1,163 691.90|1,895.68(1,161.44| 254,36 10.504|0.552
1.00 520.36/1.553.00 269.91 10.609]0.670
0.50 1,026.23]2,628.22 267.38 [0.373]0.408
TP-A*  |0.75|| 329.83 1,204 675.65]1,909.45 1.00| 295.54 |0.508|0.558
1.00 505.81]1,570.77 278.74 10.609/0.683

processing all safe intervals i = [i".1b, 7" .ub] for the new
cell ¢fg’.cell of the agent [Lines 33-34]. The lower bound of
safe interval " is increased from 4”.Ib to IbI to ensure that
the agent can arrive at its new cell without colliding with
dynamic obstacles that also visit its new cell [Line 35]. The
updated safe interval [Ib],i"”.ub] is intersected with inter-
val i’ [Line 36]. If their intersection is non-empty, then the
agent can arrive at its successor configuration during safe in-
terval ¢”. Only the earliest time ¢’ in the intersection needs
to be considered (since the agent can simply wait in its suc-
cessor configuration and the later times in the intersection
can thus be pruned, as argued earlier) [Line 37]. The result-
ing successor of node n is n’ (cfg’,i") [Line 38], and
the cost (here: time) of the transition from node n to node
n' is cost[n,n’] = t' — g[n] [Line 39] (consisting of exe-
cuting the point turn of action action for At (action, v.,)
time units, waiting for ¢’ — g[n] — Atgym(action, vy,) —
At ove(action, vyq,s) time units, and then executing the for-
ward movement of action action for Aty (action, Vians)
time units), so that g[n’] = g[n] + cost[n,n’] = t' is the
earliest discovered time in n’.int = " when the agent can
be in configuration n’.cfg = cfg’.

Main Routine. The main routine of SIPPwRT performs a
regular A* search. It initializes the g-value of the start node
and inserts the node into the OPEN list [Lines 2-4]. It then
repeatedly removes a node n with the smallest sum of g-
value and h-value g[n] + h(n.cfg, G) from the OPEN list
[Lines 6-7] and processes it: If the node is a goal node, then it
returns the path found by following the parent pointers from
the node to the start node [Lines 8-9]. Otherwise, it generates
the successors of the node [Line 10]. For each successor, it
initializes its g-value to infinity if the g-value is still unde-
fined [Lines 12-13]. It then checks whether the g-value of
the successor can be reduced by changing its parent pointer
to node n [Line 14]. If so, it changes the parent pointer of the
successor, reduces its g-value, and inserts it into the OPEN
list (if necessary) [Lines 15-18].

Theorem 1. The path returned by SIPPwRT from the start
configuration to a goal is free of collisions.

We prove Theorem 1 in the technical report.
Since all heuristics used by SIPPWRT are admissible
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as argued earlier, using the argument in (Phillips and
Likhachev 2011) together with Theorem 1, it is straightfor-
ward to show that SIPPWRT returns a time-minimal path to
a given set G of one or more endpoints that does not col-
lide with the paths of other agents in the token and is com-
plete for the single-agent path-planning problems for func-
tion calls TP1 and TP3. We can thus rely on the proof of
Theorem 3 in (Ma et al. 2017) to show that TP-SIPPwWRT is
complete for well-formed MAPD instances.

Theorem 2. TP-SIPPwWRT solves all well-formed MAPD
instances.

Simulated Automated Warehouses

We demonstrate the benefits of TP-SIPPwRT for automated
warehouses using both an agent simulator with perfect path
execution and a standard robot simulator with imperfect
path execution resulting from unmodeled kinodynamic con-
straints and motion noise by the MAPD algorithms. Figure
3 (left) shows an example on the agent simulator with 50
agents and cells of size 1m x 1 m. Grey cells in columns
of grey cells are potential start cells for the agents. Col-
ored disks are the actual start cells, which are drawn ran-
domly from all potential start cells and are the non-task
endpoints. All agents face north in their start cells. Grey
cells other than the start cells are task endpoints (that would
house shelves in a warehouse even though we do not model

shelves here). The pickup and delivery cells of all tasks are
drawn randomly from all task endpoints. White cells are
non-endpoints.

The agents model circular warehouse robots. All agents
use the same rotational velocity v,,,. The following rules im-
pose restrictions on their legal movements and translational
velocities: All free agents can move with high translational
free velocity vVjuns = Vpee through all cells because ware-
house robots that do not carry shelves can move through
all cells, including those that house shelves. All task agents
can move with slow translational task velocity vygns = Vsask
through only the pickup and delivery endpoints of their tasks
and all other non-endpoints since warehouse robots that
carry shelves cannot move through cells that house shelves.

Experimental Results

‘We now report our experimental results on a 2.50 GHz Intel
Core 15-2450M laptop with 6 GB RAM. Videos of sample
experiments can be found at
http://idm-lab.org/project-p.html

Experiment 1: MAPD Algorithms and Task Velocity. We
compare TP-SIPPWRT for vy, = 0.50, 0.75, and 1.00 m/s
on the agent simulator in the small simulated warehouse en-
vironment of Figure 3 (left) to two MAPD algorithms that
both assume discrete agent movements with uniform veloc-
ity to the four neighboring cells, namely the original TP
(Ma et al. 2017) (labeled TP-A*) and CENTRAL (Ma et al.
2017), which repeatedly uses the Hungarian Method (Kuhn
1955) to assign tasks to agents and then Conflict-Based
Search (Sharon et al. 2015) to plan paths for the agents. We
first convert the paths produced by these two MAPD algo-
rithms from containing movements in the four compass di-
rections to containing forward movements and point turns.
We then use MAPF-POST (Honig et al. 2016a) to adapt the
paths in polynomial time to continuous agent movements
with given velocities. Since MAPF-POST guarantees safety
distances between agents of L/ V2 = 0.71m, we use the
same radius of B = O.5L/\/§ = 0.35m for all agents. We
use a runtime limit of 5 minutes per instance. We use 30
agents (agts) since CENTRAL, the most runtime-intensive
of our MAPD algorithms, can handle only slightly more than
30 agents without any timeouts. We use vf, = 1.00m/s
and vy, = m/2 = 1.57rad/s. We generate one sequence
of 1,000 tasks and insert them in the generated order into
the system with a task frequency (fask freq) of 2 tasks in the
beginning of every second.
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Figure 4 visualizes the throughput at time ¢ [number of
tasks that finish execution per second in the 100-second
window (¢ — 100, t]], measured in tasks per second, as
a function of ¢, measured in seconds. The steady state is
the time interval when the throughput remains mostly un-
changed, determined by visual inspection of the graphs. We
use as steady state t € [501,2100] for v,y = 0.50m/s,
t € [501, 1500] for vy = 0.75m/s, and ¢t € [501,1100] for
Vst = 1.00m/s. The throughput at time ¢ of TP-SIPPWRT
decreases earlier than the ones of TP-A* and CENTRAL be-
cause fewer still unexecuted tasks are available toward the
end for TP-SIPPwWRT than for them. Thus, TP-SIPPwWRT is
more effective than them.

Table 1 reports the discrete service (srvc) time [time un-
til a task has finished execution after insertion into the sys-
tem according to the original plan with discrete agent move-
ments, averaged over all tasks], discrete makespan [time
when the last task has finished execution according to the
original plan with discrete agent movements], service (srvc)
time [time until a task has actually finished execution after
insertion into the system, averaged over all tasks], makespan
[time when the last task has actually finished execution],
planning (plan) time [execution time of the MAPD algo-
rithm], and post-processing (post-proc) time [execution time
of MAPF-POST], all measured in seconds, as well as the
throughput (¢#hpf) [throughput at time ¢ averaged over all
times ¢ whose throughputs are positive] and the through-
put in the steady state (stdy thpt) [throughput at time ¢ av-
eraged over all times in the steady state], both measured in
number of tasks per second. Service time, makespan, and
throughput measure effectiveness, while the planning and
post-processing times measure efficiency. The planning time
of TP-SIPPWRT is less than one second for 30 agents and
1,000 tasks. It is on par with the one of TP-A* and smaller
than the one of CENTRAL. Furthermore, TP-SIPPwWRT does
not have any post-processing time while both TP-A* and
CENTRAL have post-processing times of more than 250
seconds. Thus, TP-SIPPwWRT is more efficient than them.
The service time and makespan of TP-SIPPwRT are smaller
than the ones of TP-A* and CENTRAL, while its throughput
is larger. Thus, TP-SIPPwRT is more effective than them.

Experiment 2: Number of Agents, Task Frequency, and
Task Velocity. We run TP-SIPPWRT with the same setup
as in Experiment 1 (including the same sequence of 1,000
tasks) for vy = 0.50, 0.75, and 1.00m/s, 10, 20, 30, 40,
and 50 agents, and task frequencies of 1, 2, 5, and 10 tasks

7657

@

2

Figure 6: Screenshots for Experiment 3 at ¢ = 35s. Left:
Agent simulator. Right: Robot simulator.

per second. Table 2 shows that the planning time of TP-
SIPPWRT is less than one second for up to 50 agents and
1,000 tasks. As expected, the service time decreases as the
task frequency decreases; the service time and makespan de-
crease and the throughput increases as the number of agents
increases; and the service time and makespan decrease and
the throughput increases as the task velocity increases.
Experiment 3: Environment Size, Number of Agents,
and Task Velocity. We run TP-SIPPwWRT with the same
setup as in Experiment 1 but in the large simulated ware-
house environment of Figure 3 (right) for 100, 150, 200, and
250 agents and vy = 0.50, 0.75, and 1.00m/s. We use
one sequence of 2,000 tasks and a task frequency of 2 tasks
per second. Figure 5 visualizes the throughput at time ¢. We
use as steady state ¢t € [501,1000]. Table 3 shows that the
planning time of TP-SIPPWRT is less than 16 seconds for
up to 250 agents and 2,000 tasks, justifying our claim that
it can compute paths for hundreds of agents and thousands
of tasks in seconds. Similarly to before, the service time and
makespan decrease and the throughput and planning time
increase as the number of agents increases; and the service
time and makespan decrease and the throughput increases as
the task velocity increases. There is an exception due to the
congestion resulting from many agents for 250 agents and
Vrask = 1.00m/s.

Experiment 4: Robot Simulator. We created a custom
model of the kinodynamic constraints of a differential-drive
Create2 robot from iRobot for the robot simulator V-REP
(Rohmer, Singh, and Freese 2013). Create2 robots have a
cylindrical shape with radius 0.175 m and can reach a trans-
lational speed of 0.5 m /s and a rotational speed of 4.2 rad /s.
We use Vpee = 0.40m/s, vigge = 0.20m/s, vy = @ =
3.14rad/s, and R = 0.40m as conservative values to al-
low the robots to follow their paths safely despite unmodeled
kinodynamic constraints and motion noise by TP-SIPPwRT.
We implemented a PID controller that uses [x,y, 8]7 (given



by V-REP) as the current state and the desired next cell with
the associated desired arrival time (given by TP-SIPPwWRT)
as the goal state. The PID controller corrects for heading er-
rors by orienting the robot to face the desired next cell while
simultaneously adjusting the translational speed to let the
robot arrive at the desired next cell at the desired arrival time.
We limit our experiment to the small warehouse environ-
ment of Figure 6 for 10 robots due to the slow runtime of V-
REP. We use one sequence of 20 tasks and a task frequency
of 2 tasks per second. The planning time of TP-SIPPWRT
is 2ms. All robots follow their paths safely, resulting in a
service time of 90.57 s and a makespan of 171.16s.

Conclusions and Future Work

We presented the efficient and effective algorithm TP-
SIPPWRT for the Multi-Agent Pickup and Delivery prob-
lem. We suggest the following future research directions: (1)
Make existing (even optimal) multi-agent pathfinding algo-
rithms more general by combining them with our SIPPWRT
to compute continuous agent movements with given veloc-
ities. The resulting algorithms could, for example, be used
to make CENTRAL more general. (2) Include additional
kinodynamic constraints into SIPPWRT and TP-SIPPwRT,
such as acceleration and deceleration constraints, to allow
robots to follow their paths even more safely. (3) Make TP-
SIPPWRT decentralized.
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