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Abstract— Scores of papers show, given some robots, how to
improve the useful work they perform. Continuing this line,
we consider the efficiency of robot experiments by examining
the feasibility of conducting several experiments simultaneously,
interleaving execution and sharing resources between them.
This paper lays theoretical groundwork for that concept and
demonstrates its feasibility and utility.

I. INTRODUCTION

Demonstrations of capabilities or claims on robot hard-
ware are more persuasive than the same in pure simula-
tion. But robot hardware is burdensome: it is expensive
to build or purchase; considerable time must be expended
in maintenance, repair, and also operation. Multiple robot
systems are only more so. Thankfully, the community has
learned to amortize some of these costs through re-use and
sharing: designs, schematics, and configurations for several
platforms have been released and made available so that oth-
ers may benefit [1–5]. Increasingly, we see not only hardware
platforms, but broader test-beds [6–12]. Several existing
robot test-beds directly facilitate experiments, culminating in
shared, remotely-accessible scientific infrastructure [13, 14].
But we ask: to extract greater use from such resources, can
re-use and sharing go further still, be finer-grained and more
dynamic?

Decades of computer systems research and technology
development have shown how to boost the availability,
utilization, and effectiveness of computing devices through
multiprogramming, multitasking, and multiprocessing (via
multithreading and multicore architectures). Notwithstanding
that some later instances grew out of earlier ones, this
multitude of multis can all be understood as being flexible
in how resources are employed. We contend that a similar
approach might be used for robots, with the ultimate aim
of improving availability, utilization, and effectiveness of
robot hardware. In this paper we are specifically interested
in common, general, re-usable robot infrastructure designed
to conduct robot hardware experiments [13]. For already ex-
isting infrastructure, to maximize their benefit, idle portions
may well be put to productive use. The idea explored in this
paper, and illustrated in Figure 1, is to leverage hardware
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Fig. 1. Robot test-beds currently only time multiplex at a coarse-grained
level. For example, to use the Georgia Tech Robotarium for multiple
experiments, one schedules them one after another, as illustrated by three
arenas. This paper shows that it is feasible to overlap several simultaneous
experiments. (One larger, hypothetical, Robotarium allows multiple experi-
ments to proceed in parallel.) The upshot is that tasks previously believed to
be inherently sequential, such as tuning parameters/gains, may be effectively
speeded up.

resources more effectively by intermingling the execution of
more than one robot experiment on the same test-bed.

The question of what constitutes the essence of a valid
robot experiment is a complex, interesting, and even philo-
sophical one. For the present paper the core consideration
is how, without losing that essence, to provide an opening
for the flexible apportioning of resources. We provide an
answer: experiments produce a stream of sensor readings
contingent on states visited and influenced via selection of
actions by robots, such selections being made in light of
earlier sensor readings. This point of view, where sensing
may be manipulated up the perceptual limits of the agents,
has been suggested before in robotics (see [15, 16]), and
is now widely employed in biology (see the entire special-
issue in [17]). Formalizing this sensing-oriented point of
view provides the scaffold over which we build a conception
of multi-experiments. Beyond the degrees-of-freedom of the
robots in the test-bed itself, this context identifies specific
additional freedoms which can be used to optimize execution
of collections of experiments: freedom to warp time, freedom
to distort robot identity.

But how this might bear fruit, concretely? Suppose a
roboticist has developed some control software for their
favorite mobile robot, say, a controller based on artificial
potential fields [18]. This controller has several parameters
which manipulate gains and weight various competing fac-
tors. Usually these are understood to be empirical parameters,
items tuned by running the robot and making adjustments
interactively. When some criterion can be provided (such as
straightness of travel subject to exemption from collisions)
then the time to arrive at a set of suitable parameters depends
on completing sufficient runs across the ranges of parameters.
If multiple runs can occur in quick succession, or even
simultaneously, then overall productivity will be increased.
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Corollary 1. Under the same premises as Theorem 1,
suppose the construction in its proof is used to provide a
multi-illusion for S = {S1, S2} by Ŝ. For j ∈ {1, 2}, let
LSj (t̂k̂) denote the latency for Sj in this combined illusion.
Then

LSj (t̂k̂) ≤
t̂k̂
t̂β(k̂)

Lj

(
t̂β(k̂)

)
in which β(k̂) = τ

⌊
k̂

2(τ+diam(G))

⌋
.

Proof roadmap: Observe that after k̂ stages, the number
complete cycles of the four phases of the constructed illusion
is at least bk̂/(2(τ + diam(G))c, since each instance of
phases (1) or (3) consumes precisely τ stages, and each
instance of phases (2) or (4) consumes at most diam(G)
stages. The illusion for Sj executes for τ stages in each of
these cycles, amounting to τ

⌊
k̂/(2(τ + diam(G))

⌋
stages

in total for Sj . Let km
j = max{κ ∈ Z+ | zSj

j (κ) ≤ β(k̂)}
and observe that

LSj (t̂k̂) =
t̂k̂
tkSj
≤

t̂k̂
tkm

j

=
t̂k̂
t̂β(k̂)

Lj
(
t̂β(k̂)

)
,

applying Definition 3 in the final step to complete the proof.

B. Leveraging role reassignments

Moving now beyond mere time slicing, note that in
Definition 2, for the (?) equation corresponding to system
Sj , the ith element may be re-mapped (via the ρj function)
to be some arbitrary element observed in Ŝ. Since there
is no requirement that ρj be injective, duplicate values
are entirely superfluous. Thus, though prior discussion of
specific cases, as in Example 6, has been for an observation-
simulation relation ∼ using + as equality on elements of Y ,
equality is stronger than is strictly necessary for illusions.
This motivates the following function, π, which repackages
data from an n-vector into a set:(

y(1), . . . , y(n)
)

∈

Y (1) × · · · × Y (n)

π7−→
{
y(1), . . . , y(n)

}

⊆⋃
i

Y (i)

.

And, hence, let equivalence relation S= ⊆ Y × Y be defined
as y′ S=y if and only if π(y′) = π(y).

Using S= on Y for some deterministic multi-robot tran-
sition system (n,X,U, f, d, Y, h, x0), if we are given some
observation-simulation equivalence relation S∼, we can con-
struct the quotient graph G

S∼. (In this case we may think
of the vertices of the graph as labelled by sets.) Theorem 1
holds for S∼, but observe that the time-slicing used in the
construction as part of the proof argument only modifies the
zj functions; essentially it is purely a strict interleaving the
illusions for S1 and S2. Under S∼, one might do better: rather
than reaching a state x ∈ [x]∼ where the ρj for the multi-
illusion is identical with the original illusion for Sj , instead
one reaches x′ ∈ [x]

S∼ and uses ρ′j constructed to map to
some robot producing the required observation (different x′

will have different ρ′j).
Further, because the identity relation is finer than S=, i.e.,

idY ⊆ S=, every observation-simulation relation ∼ via the

Fig. 8. A multi-illusion of two systems executing simultaneously in a
single host. The cyan-marked robot represents a sort as shared resource as
it plays different roles at the same in both illusions.

former, is one for S= too. We would expect there to be ad-
ditional observation-simulation relations S∼ for S=, generally.
(This needn’t be so always, however, e.g., if every Y (i) and
Y (j), with i 6= j are disjoint.) When some S∼ ⊃∼ this
has practical advantages because the multi-illusion can do
less work transitioning on the graph (for interregnum steps)
because the set of acceptable targets has grown. The added
flexibility to give more efficient illusions manifests in the
bounds on latency because, one might expect generally that
diam(G

S∼)� diam(G).

C. Multi-illusions via lim sup

To give a different, tighter characterization for sufficiency
than the preceding, two additional definitions are needed.

Definition 7. Given a multi-robot transition system S =
(n,X,U, f, d, Y, h, x0), the observation footprint of S is

F (S) =
⋃

π(1),...,π(n)︸ ︷︷ ︸
All policies

⋃
k≥0

{
π(h(xk))

}
.

Intuitively, the observation footprint is a collection all the
sets of observations that might be seen by the system at any
particular point in time.

Definition 8. A walk on graph G = (V,E) starting at [x0] ∈
V is a function w : Z+ → V , with w(0) = [x0] and such
that, for n ≥ 1, there is an edge ([xn−1]→ [xn]) in E.

Now, denoting the powerset by P(·), we state the theorem.

Theorem 2. There exists a multi-illusion for S =
S1, . . . , Sd, on Ŝ, if there exists an observation-simulation
relation for Ŝ, which induces a quotient graph G, and some
walk w on G exists such that⋃

j=1...d

F (Sj) ⊆ lim sup
n→∞

P(π(w(n))).

Proof roadmap: Given such a walk w, one can ensure
progress is made in any of the d systems. In Si, any set
of observations you wish to concoct appears in F (Si). The
condition, thus, ensures that, at any point in time, a set
containing it will appear in finite time. Constructing the
illusion requires choosing zi so it progresses when such a
set appears, and having ρi unpack the subset of observations
needed and dispatching them to the intended recipients.
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