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• Probabilistic 
• Qubit states are probabilistic, read measurement is irreversible 

• Entangling 
• Data A in one place may affect data B in another place. 

• no-cloning 
• Qubit cannot be duplicated 

• error-prone 
• Fragility/ QC systems are susceptible to decoherence(i.e., spontaneous loss of 

quantum information in cubits) and operational errors.
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Chapter sections



• The quantum assembly language (QASM) - one of earliest low-level 
quantum languages. 
• Ex:
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5.1 Low-Level Machine Languages
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PQUJNJ[BUJPOT GPS DPNQJMJOH UP TVDI MBOHVBHFT NVTU CF UBJMPSFE UP UIF TQFDJmD DIBSBDUFSJTUJDT PG
UIFJS TVQQPSUFE IBSEXBSF JODMVEJOH EFWJDF UPQPMPHZ BOE OPJTF SBUFT FUD� "O FċDJFOU MPX�MFWFM
TPGUXBSF UPPM DBO BMMPX RVBOUVN BMHPSJUINT UP CF TVDDFTTGVMMZ FYFDVUFE PO SFTPVSDF�DPOTUSBJOFE
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" IJHI�MFWFM QSPHSBNNJOH MBOHVBHF JT OFFEFE UP SFQSFTFOU DPNQMFY DMBTTJDBM BOE RVBOUVN JO�
GPSNBUJPO QSPDFTTJOH JO RVBOUVN BMHPSJUINT� 0OF OPUBCMF FYBNQMF UIBU XF XJMM SFUVSO UP MBUFS
JT UIF SFQSFTFOUJOH BOE DPNQJMJOH GPS IZCSJE DMBTTJDBM�RVBOUVN DPNQVUBUJPOT�

%FTJHOJOH B MBOHVBHF UIBU FOBCMFT QSPHSBNNFST UP FYQMPJU UIFTF RVBOUVN QSPQFSUJFT PO
SFBM IBSEXBSF XIJMF NBJOUBJOJOH VTBCJMJUZ SFNBJOT DIBMMFOHJOH� #BMBODJOH CFUXFFO BCTUSBDUJPO
BOE EFUBJM JT LFZ� 0O POF IBOE FYQPTJOH EFWJDF TQFDJmDT IFMQT QSPHSBNNFST XSJUF NPSF FċDJFOU
DPEF CVU PO UIF PUIFS IBOE JU ESBNBUJDBMMZ JODSFBTFT UIF DPNQMFYJUZ PG UIF MBOHVBHF� *O UIJT
TFDUJPO XF QSPWJEF B TIPSU SFWJFX PG UIF SBQJE EFWFMPQNFOU PG 2$ MBOHVBHFT BOE TPGUXBSF UPPMT
JO SFDFOU ZFBST GSPN CPUI BDBEFNJB BOE JOEVTUSZ�

3FDBMM GSPN UIF CFHJOOJOH PG UIJT DIBQUFS XF BSHVF UIBU UIF VOJRVF QSPQFSUJFT TVDI BT UIF
QSPCBCJMJTUJD FOUBOHMJOH OP�DMPOJOH BOE FSSPS�QSPOF OBUVSF PG RVBOUVN TUBUFT JOnVFODF UIF
FYFDVUJPONPEFM PG RVBOUVN QSPHSBNT BOE IFODF UIF EFTJHO PG B TFNBOUJDBMMZ TBGF QSPHSBNNJOH
MBOHVBHF� %VF UP JUT DPNQMFYJUZ B 2$ TZTUFN SFRVJSFT GBTU BOE SFMJBCMF DMBTTJDBM DPOUSPM� 8F

EPR: entangled pairs of cubits



• QASM’s limitations: 
•  repeat-until-success and non-trivial branching 

• Other low-level machine languages: 
• OpenQASM, ARTIQ 

• Support loops, subroutine calls, barriers, and feedback control. 
• OpenPulse 

• Experiment out of pulses.
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5.1 Low-Level Machine Languages
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• Recall that there is a trade off between usability/programmability and 
hardware quantum properties. 

• Recall that due to the hybrid nature of host computer and quantum 
processor, most languages are Domain-Specific Languages (DSL).
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5.2 High-Level Programming Languages



• Two types of quantum programming languages: 
• Functional 

• Mathematical, abstract, compact implémentation of algorithms 
• Ex: Quipper, Quafl, LIQuI|>, Q# 

• Imperative 
• Describes the steps of algorithms sequentially in greater detail. (Resource efficient) 
• Ex: Scaffold, ProjectQ, Quil
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5.2 High-Level Programming Languages



• NISQ systems evolves rapidly, so that any language will need to be 
versatile enough to keep up with the fast rate of change in QC systems. 
• Ex: Variational Quantum Eigen-solver (VQE) requires multiple rounds of 

interleaved classical-quantum processing. => language design/compilation 
optimization challenges.
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5.2 High-Level Programming Languages
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• HW verification 
• Problem of verifying that HW is capable of performing quantum logic operations 

as intended by a program. 
• SW verification 

• Problem of verifying that a quantum program is bug-free and implements the 
desired transformation.
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5.3 Program Debugging and Verification



• Verification approaches 
• Application of: 

• Classical simulation 
• Quantum property testing 
• Formal logic
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5.3 Program Debugging and Verification

Warning: those do not prevent/detect all types of errors nor scale well to large systems, but are 
practical => gain some confidence of its success rate.



• (1) - tracing via classical simulation 
• Informative, but exponentially large state space. 

• And also noise simulation. 
• Physical noise today is still limited. 
• No known efficient methods to simulate the effects of noise.
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5.3 Program Debugging and Verification

If we can efficiently simulate quantum computation on a classical 
computer, then we have proven that this quantum computer does not 

demonstrate quantum supremacy.



• (1) - tracing via classical simulation 
• Ex:  

• “Clifford gates” only algorithms can be simulated in polynomial time with only a few 
qubits used. 

• Shor’s algorithm that contains T gates and Clifford gates - no sub-exponential time
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5.3 Program Debugging and Verification



• (2) - assertion via quantum property testing 
• Property testing:
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5.3 Program Debugging and Verification



• (2) - assertion via quantum property testing 
• Property testing: 

•
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5.3 Program Debugging and Verification



• (2) - assertion via quantum property testing 
• Property testing:
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5.3 Program Debugging and Verification



• (2) - assertion via quantum property testing 
• Testing properties of quantum dynamics
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5.3 Program Debugging and Verification



• (3) - proofs via formal verification 
• Deduct the behavior of quantum circuits directly from their descriptions. 

• QWire 
• Feynman-path sum 
• Quantum Hoare logic 
• ReVerC 

• Key challenge is to define useful correctness properties that a theorem prover 
can handle more scalably. 
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5.3 Program Debugging and Verification
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• Quantum programming language is still in development. 
• Practically, quantum programing languages are essential in converting 

theoretical descriptions of algorithms to practical implementations that 
are both correct, efficient, and adapted for specific applications.
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5.4 Summary



• Thank you for your listening.
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Q&A



• Show a few code examples with bugs to show what kinds of bugs we 
may have. 
• Reference: 

• Statistical Assertions for Validating Patterns and Finding Bugs in Quantum Programs, 
ISCA ‘19 

• Walk through the distance definition with numbers
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Discussion

https://quantumarchitectureprinceton.github.io/publications/statistical-assertions.pdf
https://quantumarchitectureprinceton.github.io/publications/statistical-assertions.pdf


• Type1: incorrect quantum initial values 
• Type2: incorrect operations and transformations 
• Type3: incorrect compositions of operations using iteration 
• Type4: Incorrect composition of operations using recursion 
• Type5: incorrect composition of operations using mirroring 
• Type6: incorrect classical input parameters
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QC bug types



• Shor’s algorithm
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Buggy Code Example

Rz: rotation gate

Type2: incorrect operations and transformations



• Type 2 bug defense: assertion checks for unit testing

26

Buggy Code Example



• Possible type3 bugs in line 8 - 11: 
• Indexing errors in loops, bit shifting errors, endian confusion, rotation angles 
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Buggy Code Example



• Possible type4 bugs in line 15: 
• Accidentally use ctr1 twice instead of ctrl0 
•
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Buggy Code Example

Defense: assertion checks for 
entangled intermediate states



• Possible type5 bugs: 
• Due to entanglement effect, garbage collection in quantum computing needs: 

• Undo any entanglement between qubits - perform reverse operations in backward order, 
it is also called: uncomputation
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Buggy Code Example
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Property tester

https://arxiv.org/pdf/1310.2035.pdf


