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ABSTRACT

Key idea of this work is to appropriately extend one promi-
nent generic agent architecture, namely InteRRap [8], to the
case of a quantum pattern matching (QPM) based type-I
quantum search agent (QSA) that is supposed to run on a
hybrid quantum computer, and to show it’s feasibility by in-
stantiating the respective QuantumInteRRap architecture.
For a comprehensive and in-depth introduction to quantum
computation (QC) we refer the interested reader to [10]. An
extended version of this work can be found at [6].
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1. QC DESIGN FLOW

In [5] a master-slave architecture of a hybrid quantum
computer is proposed. The CPU of a classical machine
(CM) performs high-level dynamic control and scheduling
of quantum operations carried out in a quantum machine
(QM). The QM consists of quantum memory [5], quantum
processing unit (QPU) with error correction, quantum bus,
and quantum device controller (QDC) with interface to the
CM. Using a high-level quantum programming language[11,
2, 12] (QPL) quantum algorithms are represented by QPL
code containing high-level primitives for logical quantum
operations, interleaved with classical work-flow statements.
A layered software architecture[13] involving a four-phase
computer-aided design flow assists by mapping such QPL
sources into efficient and robust physical implementations.
During the flow’s first phase, the QPL source is transformed
into a quantum intermediate representation (QIR) by the
CM. Then, the CPU synthesizes and optimizes a Quantum
Assembly Language (QASM) representation of a suitable
quantum circuit. In the third phase, the QASM instruc-
tions are compiled into a device-specific Quantum Physi-
cal Operations Language (QPOL) representation. Finally,
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QPOL code is translated by the QDC into quantum ma-
chine instructions that are passed to and executed by the
QPU. The QPU performs scheduled sequences of measure-
ment and basic qubit operations with error correction. The
QM returns the results of finalising quantum measurements
to the CM.

2. GENERICQCAGENT ARCHITECTURE
QUANTUMINTERRAP

In [8], an architecture for multi-agent systems is presented.
The proposed InteRRap combines both the reactive and the
deliberate paradigm, and explicitly represents knowledge,
plans and strategies. In the following, the InteRRap archi-
tecture is embedded in the context of QC multi-agent sys-
tems and the high-level components of the QuantumlinteR-
Rap architecture and their basic interplay are explained. In
detail, the WIF provides the agent’s means for perception,
actuation and communication. According to the classifi-
cation of QC agents in [5], the WIF of type-I QC agents
solely provides classical communicative facilities, whereas
a type-Ila QC agent’s WIF is solely equipped with facili-
ties for direct quantum particle transmission, and a type-11b
QC agent’s WIF bears both classical and quantum commu-
nicative facilities. In consequence of the deployed commu-
nicative facilities, type-I QC agents do not suffer from in-
complete knowledge due to not yet measured qubits. Type-
1Ib QC agents may obtain quantum knowledge by classical
communication assuming a non-antagonistic agent scenario,
whilst type-Ila QC agents are inherently uninformed about
received but not yet measured qubits. The BBL implements
the agent’s basic behaviour and is linked to the WIF for com-
munication and actuation. The BBL has access to a set of
executable patterns of behaviour (PoB) which can be acti-
vated by external stimulus or by the LPL. PoB divide into
basic reactive short term actions and pieces of procedural
knowledge that are appropriate to stimulate quantum pat-
terns of behaviour (qPoB). Such a qPoB may be the prepa-
ration of quantum states, or the synthesis and optimization
of quantum primitives resulting in QASM code fragments
(section 1). The LPL has access to a standard from-scratch
planning algorithm and to a plan library consisting of clas-
sical hierachical single-agent skeletal plans and QPL codes
of generic quantum algorithms. A choosen plan may include
PoB and quantum deliberation. In case of quantum deliber-
ation, a quantum algorithm is instantiated by transforma-
tion of the appropriate QPL code into valid QPOL including
synthesized QASM fragments and executed on a QM under
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control of the LPL. In consequence of the deployed commu-
nication facilities, type-II QC agents may perform quantum
operations on received qubits, whereas type-I QC' agents are
restricted to self-prepared qubits. The CPL implements a
mechanism for devising joint plans, has a notion of proto-
cols and communication strategies and access to a joint plan
library. In contrast to type-I QC agents, the CPL of type-II
QC agents is able to devise joint plans involving quantum
communication and quantum cooperation strategies. To this
end, QPL representations of respective quantum concepts
are transformed to valid QPOL and executed on the QM
which is at the disposal of the type-II QC agent considered.

3. QUANTUM PATTERN MATCHING

The problem of determining the closest match with a
given pattern p € LM of size M < N in an unstructured
database string w € %N of size N has been solved in [7]
by extending Grover’s search algorithm [4]. The query com-
plexity of QPM has been proven to be O(v/N — M) allowing
for a significant speedup by an order of magnitude com-
pared to classical matching approaches such as approximate
swapped matching[1] in O(N log(M)log(min(M,|X]))). Ap-
plying a compile once, run many approach, the QPM al-
gorithm enables to search for an arbitrary large number of
distinct patterns in a given database. To this end, the i-th
position of w is encoded by [i) € H?”Oymﬂ. Hence, the
quantum state

1 =
|X>:ﬁ ; [4)

superposes all positions of database string w. For each sym-
bol o € ¥, a symbol oracle Q. is given by

Q) =@-2 > )Ehh

1<GEN

for positions j of w satisfying w; = o. The algorithm is
constituted by iterating the phase shifts induced by a symbol
oracle Qo, for a random symbol o; of the pattern followed
by Grover’s operator

Pel) = @I} (0= D). 1) = S )

In order to apply the effects of Qo, to the correct starting po-
sitions |k) of database substrings (wg...w;...wkar—1), states
|k) corresponding to positions of w need to be permuted in
each iteration. This can be done reversibly using

N-—-1 N—-1
Pl =Pl STy = —= 3 k+1 mod N)
\/Nk=0 mk:[]

If M < N, sampling randomly over M elements will lead
to searching with high probability over all symbols of the
pattern. On average, a position with a partial match of
M’ < M individual symbols will experience % phase shifts.

4. TYPE-I QUANTUM SEARCH AGENT

How to model a type-I quantum search agent (QSA) by
use of the QuantumInteRRap architecture presented in sec-
tion 2?7 The QSA is supposed to run on a hybrid quantum

Algorithm 1 Quantum pattern matching

Input: w e =V p e =M n = [log(N)]
Output: m € N

Quantum Variables: |x) € HY"
Classic Variables: 7,i,j € N

: Choose r € [0, [VVN — M + 1]] uniformly
:Set [x) = S o k)

for i =1 tor do

: Choose j € [0, M — 1] uniformly

© Set |x) = Py(P2) ™' Qo; PR Ix)

end for

: Set m to the result of the measurement of |x)

computer which is, for example, provided with a unstruc-
tured classical local database (LDB). For the sake of sim-
plicity, we consider this LDB as a long static string w €
of size N. Figure 1 illustrates how a QPM based Type-I
QSA can be modeled as a QuantumlInteRRap agent.

_database()) :_oracles)

perceive(DB_update) do(update_database()) do(synthesize_oracles()

Figure 2: Processing a database update

Once a setup or update of LDB is perceived (see figure 2),
the symbol oracles Qs for o € 3 need to be synthesized by
the BBL using a QASM compiler on the basis of section 3.
The resulting quantum circuits are stored in QASM source
for further usage.

receive(Request) do(Request)

do(synthesize_qpm(...))

do(quantum_processing(gpm_instance))
Figure 3: Processing a pattern request

Upon receipt of request s containing some pattern p € &M
from another agent A; (see figure 3), the QSA locally com-
putes the index of the closest match m to p in LDB and
returns m to Ai. Both requests and replies are transmit-
ted via classical channel, and requests are directly quantum
coded (see section 1) prior to quantum pattern matching.
In more detail, the BBL asks the LPL to process the trans-
mitted pattern p € M. To this end, the LPL devises and
executes a local plan involving a proper instance of the QPM
algorithm. The instantiation includes necessary symbol ora-
cles computed by the BBL into the skeletal QPM algorithm
scheme. The resulting QASM code makes use of qPoB to
prepare initial quantum states, for example. It is trans-
formed into valid QPOL and transmitted to the QDC. After
instructing the QPU to perform a quantum pattern match-
ing, the QDC returns the measurement result back to the
LPL. By passing the result to lower level of the world inter-
face, the requesting agent A; receives the computed closest
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Figure 1: QuantumInteRRap architecture of a QPM based type-I quantum search agent

match to its query string, or a failure message in case of the
search failed.

5. SIMULATION AND BENCHMARKING

To demonstrate the operability of our type-I QSA, we have
programmed and simulated it by use of open source quantum
simulators [14, 11, 3]. Memory and runtime performances
for simulations on CM for various query patterns of size |p| =
4 and database strings are given in the extended version of
this work [6].

6. CONCLUSION

‘We presented a hybrid generic architecture for QC agents
as an extension of the InteRRap architecture, discussed ba-
sic engineering aspects of how to realize QC agents on hy-
brid quantum computers, instantiated the QuantumlInteR-
Rap architecture by concrete means of a QPM based type-I
quantum search agent, showed results of comparative perfor-
mance testing of its simulation with different quantum simu-
lators, and thus demonstrated its functionality by example.
The theoretical performance of the QPM based QSA over
classical edit based string matching provides strong evidence
for the expected significant speed up of a service matchmak-
ing process of type-I quantum matchmaker agents compared
to the classical case. To the best of our knowledge, the pre-
sented architecture, programming and simulation of a type-I
QSA is unique as there are no alternative QC agent imple-
mentations available yet. Our work combines related work
from quantum computing and agent based computing, and
builds upon existing work on QC agents in [5]. However,
the quantum realization of semantic service matchmaking
remains one open problem. Our ongoing research focuses
on solving this problem.
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