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Th.1: Streaming Algorithms for DYCK(2)
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o Streaming algorithms: Attractive model for early Quantum Computers

> Some exponential advantages possible for specially crafted problems [LeG06, GKKRAWO07]
- $9#e T [Owo@] (Owd(®) OwdéW)tOmsé()
o Classical bound: i (0) N n](£> [MMN10, JN10, CCKM10]

> Two-way classical algorithm: i (0)N / N € a i € Q



Th.1: Streaming Algorithms for DYCK(2)

o Th. 1: Any T-pass 1-way qu. streaming algo. for DYCK(2) needs spacei (0) N m v on length N inputs

> Even holds for non-unitary streaming operations U

o Reduction from multi-party QCC to streaming algorithm to DYCK(2) [MMN10]
o Multi-party problem consists of OR of multiple instances of two-party problem
o Space s(N) in algorithm corresponds to communication between parties
o Consider T-pass, one-way quantum streaming algorithms
> Direct sum argument allows to reduce from a two-party problem, Augmented Index
o Multi-party QCC lower bounds requires two-party QIC lower bound on “easy distribution”

> Subtlety for non-unitary streaming operations U



Th.2: Augmented Index
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Th.2: Augmented Index

Th. 2.2: For any r-round protocol t for 0°0, either
o 0 ®o (LH )N rr](—)or
o 0 ®o (LH )N rr](—)with

the uniform distribution on zeros of 0O (“easy distribution”)
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Classical bounds:

c®o (LH )N n](—)or

c®o LR HIYm(a)

> [MMN10, JN10, CCKM10, CK11]

We Build on direct sum approach of [JN10]

o

o

General approach uses two main Tools (Sup.-Average Encoding Th., Qu. Cut-and-Paste)
> More specialized approach uses one more Tool (Information Flow Lemma)



Warm-up: Disjointness
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Warm-up: Disjointness
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ool: Average Encoding Theorem

> Average encoding theorem [KNTZ0O1]: E [Q(0 h) “)] O

o 7

° U E 0 ,average message

o« E (0 0 ),Heilinger distance
> Follows from Pinsker’s inequality

> Low information messages are close to average message

ForAND,® m-Q@0 mM*) -Q0O m*) O T

Using Jensen and triangle inequality: = Q0 M ) Qo) | 1)

Similarly, for X=0:-"Q(0 M ) QO |d T

Comparing 01, 10 inputs: - Q0 M ) Qo |0 m Qo m -© 600
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Warm-up: Disjointness
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Warm-up: Disjointness
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Tool: Cut-and-Paste Lemma

> Consider input subset  how w ho
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Warm-up: Disjointness
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Warm-up: Disjointness
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ool: Quantum Average Encoding Theorem

> Average encoding theorem [KNTZ01, JRSO3]: E [Q( R )] @)
B N (9|ayds §
E 7 ,average state
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Warm-up: Disjointness
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Tool: Quantum Cut-and-Paste Lemma

> Variant of a tool developed in [JRS03, JN10]
> Consider input subset G h w ho
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Tool: Quantum Cut-and-Paste Lemma

> Consider input subset  how w ho
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> Hybrid argument (up to correction unitaries @ > ho , With previous round dependence)
il p del-Top = (@p<foy o B
o o o | o 1o >0 - >
—— . L — |
S w\g )
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Warm-up: Disjointness
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Augmented Index
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Augmented Index
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Augmented Index

Direct sum approach [JN10]
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Augmented Index

Direct sum approach [JN10]
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Augmented Index

Classical: Uses Average Encoding Theorem and @nt-Paste Lemma

Quantum?
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Augmented Index

o

0 ‘06 and0 "Oé allows for reduction between DYCK(2) and Augmentethdex [JN10]
o But Quantum Average Encoding Theorem + Cwdnd-Paste approach breaks down

0 ‘06 and0 08 allows for Quantum Average Encoding Theorem + Cwtnd-Paste [JN10]
> But reduction between DYCK(2) and Augmented Index breaks down
- 0 "08& does not satisfy direct sump 086 0 6 6

Looking for alternative QIC that trades-off between these
Subtle issues about dealing with distributions vs. dealing witluperpositions, private randomness

o

o

o



Superposition vs. Distribution

> Input distribution: ” B (Gh)| & o @

o Superposition:|” ) B () |wwdw

A

o Superposition can leak information




Superposition vs. Distribution

- Extension of Input distribution: ” B ‘((hiiiQ|odod@usQ stY [" |
o Alternative Superposition:|” ) B V' (i |wowwdpQQ
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Superposition for Augmented Index

> Augmented Index:o @ 8 who @ 8w ho,® o under

© Extension:0 v [ph-|fon |- pRe|RS~  (rip}fon  (rip} fio v {rip}
o @ oo {0} according tod
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> How to deal with such superposition?



Quantum Information Complexity (QIC)
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> Motivated by quantum state redistribution, with 'Y Y purifying the @ Wnput registers: |” ) B+ ((dw) |owdw

> Invariant under choice of purifying register.. Works also with | ) !
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Quantum Information Complexity (QIC)

- QIC(L H)=B VYYP|D) B OY Y @ |0 )

n e,

> Motivated by quantum state redistribution, with Y Y purifying the @ GWnput registers: |” ) B+ ((dw) |owdw

> Invariant under choice of purifying register.. Works also with | ) !
° Properties [T15]:
o Additivity
- QIC QcCC
> QIC allowsfor reduction between DYCK(2) and Augmentethdex

o What aboutQuantum Average Encoding Theorem €ut-and-Paste approach?
> Not directly.. SuperpositionAverage Encoding Theorem!



Recoverability

> Recoverability [FR15]
> There exists a recovery map "Yo  such that
Q" hYo ‘OYdD|0)

Referee Y




ool: Superposition-Average Encoding Th.

> Average encoding theorem [KNTZO1]: E [Q( K )] @)
o What about superposition over (part of) X?

o Recall [FR15]’s recoverability theorem

> There exists a recovery map Yo suchthat'Q ” HYo ” ‘OYH|6)
o Theorem: If for odd i/ then Q ( h, ) O B -
X [ XAy XA [ | %4 XAy X 3
i U, Us Uy Ag & Ay
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Quantum Information Complexity (QIC)

- QIC(L H)=B VYYP|D) B OY Y @ |0 )

n e,

> Motivated by quantum state redistribution, with Y Y purifying the @ GWnput registers: |” ) B+ ((dw) |owdw

> Invariant under choice of purifying register.. Works also with | ) !
° Properties [T15]:
o Additivity
- QIC QcCC
> QIC allowsfor reduction between DYCK(2) and Augmentethdex

o What aboutQuantum Average Encoding Theorem €ut-and-Paste approach?

o Superposition average encoding theorem allows to deal with sucduperpositions
> How else?



Tool: Information Flow Lemma

° Lemma [IT17]: ‘@Y o sY ) @Y gsY) B QY F [0 Y) B @Y i Y)

> 'Y RY arbitrary guantumextension to inputs ¢ &
c0® OYY YdY Y 006(|Y @)  OYY Y go®o|Y Y YY) 006

> Handles superposition such that it does not leak information about preparation

> Allows for Average Encoding Theorem
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Outlook

o Information-Theoretic Tools for Interactive Quantum Protocols
o Superposition-average encoding theorem

° Quantum Cut-and-Paste Lemma
o Information Flow Lemma to handle superpositions
o Applications
o Space lower bound on quantum streaming algorithms for DYCK(2)
o Streaming with non-unitary operations
° Quantum information trade-off for Augmented Index
o Superposition vs. Distributions
° Open Questions
° Remove dependence on number of round in Augmented Index trade-off
° Obtain better quantum round elimination
o Obtain stronger trade-off, & vs. —
> Obtain trade-off for 0 "O& (i.e. only limit how much information about index “Glows to Alice)
> Find Further applications of tools...
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