
Rethinking Compilation: L5








Overview

● L1: Motivation and survey of auto-tuning/machine learning for 
compilers


● L2: Program rewriting schemes - e-graphs and equality 
saturation


● L3: Program embeddings and Graph Neural Networks

● L4: Program synthesis and neural synthesis

● L5: Neural Machine Translation,Transformers and Large 

language models



Lecture Structure
1. The Tower of Babel of Programming Languages

2. Machine Translation of Programming Languages

3. Transformers

4. Unsupervised Translation

5. Translation validation

6. What’s next



The Tower of Babel of Programming Languages


Ultimate language/compiler/backend library to rule them all!

https://xkcd.com/927/   

https://xkcd.com/927/


The Tower of Babel of Programming Languages
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The Tower of Babel of Programming languages: Automation?


A:  Translate/rewrite 

• generate x86 code from  LLVM IR , or  remove dead code


B:  Decide when  to rewrite given (A) 

• Vectorize a loop.


Large potential for automation. ML  in compilers  used in B, but A  

Replacing heuristics is an easy, controllable win for ML 


Generating code is way more challenging and dangerous!
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The Tower of Babel of Programming Languages


Wa y s f o r w a r d t o t r a n s l a t i o n 
automation


A. Compilers, developer tools.

B. Program synthesis.

C. Proof automation, proof repair.

D. Machine translation?
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+ Reliable,  
- Less flexible, require 

manual effort


+ Flexible, potentially 
fully automated 

- Less reliable!



Lecture Structure
1. The Tower of Babel of Programming Languages

2. Machine Translation of Programming Languages 
3. Transformers

4. Unsupervised Translation

5. Translation validation

6. What’s next



Machine Translation of Programming Languages


Translate language S into language T.

Typically, instances in S and T are expressed as discrete sequences of tokens.

Originally developed for natural languages

Potentially applicable to any discrete domain!
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Machine Translation of Programming Languages
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Machine Translation of Programming Languages


Machine translation for natural languages:


A. Rule-based MT: Grammars, dictionaries… PL-like approaches

B. Statistical MT: Faster and less data-hungry than NMT

C. Neural MT: 

a. Neural networks  feature extractors

b. Ranking translations

c. End-to-end   (i.e. let the model do everything) 

Focus on end-to-end NMT. 
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Machine Translation of Programming Languages


Tokenization: Assuming a finite vocabulary {‘x’: 0, ‘(‘: 1, ‘)’: 2, ‘,’: 3, ‘y’: 4, ‘sum’: 5} 

‘sum(x,y)’      ->    [‘sum’, ‘(‘, ‘x’, ‘,’ , ‘y’, ‘)’]      ->      [5, 1, 0, 3, 4, 2]     

Avoid out-of-vocabulary words with finite vocabulary?

“my_variable_2”  identifier

Solution: subword encoding
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Machine Translation of Programming Languages


Subword encoding:


Training:


1. Initialize vocabulary with all characters 

2. Merge most frequent pairs 

3. Until desired vocabulary size  reached.


Inference:


1. If  token in  vocabulary - done

2. Otherwise, express with subtokens


E.g.: ‘my_variable_2’ -> [‘my’, ‘_’, ‘variable’, ‘_’, ‘2’]
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Machine Translation of Programming Languages


List of token indices: [5, 1, 0, 3, 4, 2]


Neural networks need continuous vectors.


Solution: introduce embedding lookup table.


0: [0.754, -0.25, …]


1: [-0.11, …]


2: …


Initialized to random values Optimized end to end with the rest of the  network. 

Vectors will get closer to the vector that minimizes the error of  predictions
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Machine Translation of Programming Languages
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Machine Translation of Programming Languages


vectors of floats (NN-friendly). 

But  variable-length list of them ( NN-unfriendly).

●  multi-layer perceptron (MLP) requires a fixed size vector input.

Several possibilities:

● Apply an MLP to each vector, and aggregate all outputs somehow (mean? sum?)
● Recurrent neural network  - LSTM, a well-known RNN architecture
● Other
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Machine Translation of Programming Languages


Seq2seq, an encoder-decoder architecture. 

● Encoder architecture:  RNN (Recurrent Neural Network).

● Decoder architecture: another RNN.


Encoder:  


• variable-length sequence of embedding vectors 


• into a single, fixed-size vector.  

Decoder:  fixed-size vector (from the encoder) into a variable-length sequence of 
target token indices.
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Machine Translation of Programming Languages


RNN for each token 


feed the embedding of the token itself and the RNN output from the 
previous token (state/”memory”) 
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Machine Translation of Programming Languages


Let’s start with the paradigmatic example of Seq2seq, a recurrent encoder-decoder 
architecture.
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(H)



Machine Translation of Programming Languages


Encoder(source tokens) :

 -  returns single, fixed-size vector H (“hidden state”) representing the source sequence.


It’s the output of the RNN after the last token!
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H



Machine Translation of Programming Languages


We have transformed the original source string into a single vector of floats (H)!


What do we do now with this H?
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Machine Translation of Programming Languages


Decoder(H, current_prediction=[]) :


Returns next target token.
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Decoder, also an RNN. 


But not the same 
RNN! 


It has independent 
parameters.


(H)



Machine Translation of Programming Languages


Second “time step” (T3601)

decoder reads: 

● Encoder final output H.

● Previous Decoder output 


Output:


● Useful representation for the 
next time step.


● Probability over the target 
vocabulary, 


● T3601 has a very high 
probability
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Machine Translation of Programming Languages


Decoding: inference predictions out of the decoder 


Simplest approach: greedy decoding.  
● Argmax for each individual token prediction.

● Problem: maximizes local  probability, not the global one!
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Machine Translation of Programming Languages


Decoding


Goal: optimize global probability 

Solution: beam search.
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Machine Translation of Programming Languages


Probability of the sequence:


Beam search with beam_size=k


We keep the top k most 
probable sentences along all 
paths.
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Machine Translation of Programming Languages


The information bottleneck:  

Encode the source with a single, fixed-size vector without losing information? 
No 

Solution: attention, i.e. weighted average over source hidden states.


Weights are dynamic (depend on the current decoder state). 


Learned end-to-end with the rest of the neural network
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Machine Translation of Programming Languages
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Attention



Machine Translation of Programming Languages


Bahdanau attention: Seq2seq ++


Encoder identical to Seq2seq.


Weighted average of all source hidden states.  The weights depend on 
each decoder state.
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Machine Translation of Programming Languages


Can we do better than that?
Transformers 
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Lecture Structure
1. The Tower of Babel of Programming Languages

2. Machine Translation of Programming Languages

3. Transformers 
4. Unsupervised Translation

5. Translation validation

6. What’s next



Transformers

34

Transformers are eating the world [4]



Transformers
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Especially in the form of large language models!



Transformers


Transformers  “all-attention” encoder-decoder NN (no recurrence). 

High-level -  similar Seq2seq.

Low-level - different

●  parallel, pair-wise attention instead of sequential, recurrent network
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Transformers



Machine Translation of Programming Languages
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Seq2seq++  encoder-decoder attention, attend to the source sequence wrt the target 
sequence.

The Transformer also has encoder-decoder attention, no fundamental difference here!


Implementation is slightly more complicated than Bahdanau attention.



Machine Translation of Programming Languages
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Replaces RNNs with self-attention  

● in the encoder and the decoder 

● attend to the source sequence wrt the source sequence itself, in the encoder,

● attend to the target   sequence wrt the target  sequence itself, in the decoder.



Machine Translation of Programming Languages
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Attention implementation: scaled  
dot-product attention 

Queries: “Is X information present?” 

Keys: “Is information present in Y word?” 

Use query⋅value dot product as the 
importance weight in the weighted 
average.


Value: “Now that we know the weight 
importance, what’s the information that 
we wanted to transfer?”



Machine Translation of Programming Languages
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All attention implemented identically. 


Difference is where queries, keys, and values come from:


● Encoder:  the source sequence.

● Decoder:  the target sequence.

● Encoder-decoder: Queries come from the target sequence. Keys and Values come 

from the source sequence.


Encoder attention can be applied in parallel


Decoder  cannot run in parallel in inference 



Machine Translation of Programming Languages
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Transformers scale better than previously thought. 

Quadratic complexity with respect to the sequence length n.


But 

● As embedding dimension d increase.  n becomes less important.

● Some tasks (??) can be solved in relatively small sequence length n.



Lecture Structure
1. The Tower of Babel of Programming Languages

2. Machine Translation of Programming Languages
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4. Unsupervised Translation 
5. Translation validation
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Unsupervised translation


NMT  large parallel datasets S, T. 

In NLP   pairs (S,T ) with the same meaning.


● Subtitled movies or European Parliament transcriptions 


● Using sentence alignment algorithms.


PL more difficult:  

● need function-to-function parallel datasets 

● no natural occurrences of them  (Exception: Code-assembly pairs).


Unsupervised translation more important in programming languages!
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Unsupervised translation


Unsupervised learning 


● Unsupervised algorithms? 

● Apply supervised algorithms to unlabelled data. 

Basic idea: 


● automatically create a low-quality, synthetic parallel dataset  
● bootstrap the learning.  
● Iteratively improve.
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Unsupervised translation


Unsupervised Translation of Programming Languages 
(Transcoder)[7] 
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Unsupervised translation


Create a synthetic dataset. 

● Step 1: Pretrain an encoder 


Predict masked tokens. 

         E.g. “def <MASK>(x,y): return x + y” -> predict “sum”.


Randomly replace tokens from the functions with a special token <MASK>.


● Train the encoder to predict the masked tokens 


● (Similar to word2vec in L3) 47



Unsupervised translation
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Unsupervised translation


Randomly mask functions  (Unsupervised).


●  Pretraining task forces the encoder to learn useful embeddings 

Learn aligned embeddings, 


● same encoder to simultaneously demask functions in language A and B 
shared vocabulary and embedding table.


Same model for both, 


● forces alignment 


● tokens in A occur in semantically similar contexts in B
49



Unsupervised translation


Tokens used in similar 


contexts cluster together


even if they belong to different


languages.
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Unsupervised translation


Step 2: Use pre-trained, multilingual encoder to initialize an encoder-decoder 
Transformer.


● Encoder identical to  the pretrained one.


Decoder identical to the encoder  


● except randomly initialize the cross-attention modules 


Train this encoder-decoder model to demask the original sentence 


But using special tokens to denote the desired target (e.g., <TO_PYTHON>).
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Unsupervised translation


Example:


“def <MASK> (x, y): x+y” -> encoder + <TO_PYTHON> -> “def sum(x, y): x+y”  
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Unsupervised translation


Step 3: Zero-shot translation (unseen directions).


Trained  Python to Python and  Java to Java.


● After feeding a Java function can we inject <TO_PYTHON> instead of <TO_JAVA> ?


Trained the same model on Java and on Python.


●  Can we translate without having done it in training?


Yes the embeddings are aligned


● the model is going to extrapolate to perform a poor-quality translation!
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Unsupervised translation


Poor-quality Java-Python translations are not useful on their own


But can build a parallel synthetic dataset


For every Python sentence:


1. Apply  (bad) translator to get C++ -ish

2. Use the reverse direction to build a synthetic dataset back translation
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Unsupervised translation


Use synthetic dataset to learn  translator using supervised learning.


iteratively improve 

Use the new translator (better than the zero-shot one) 


Better synthetic dataset and train an even better translator.


Unsupervised translation will be key for PL/compilers
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Unsupervised translation


Unsupervised Translation of Programming Languages (Transcoder) [7]
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Python input Unsupervised C++ translation

def SumOfKsubArray(arr, n, k):
Sum = 0
S = deque()
G = deque()
for i in range(k):

while (len(S) > 0 and arr[S[-1]] >= arr[i]):
S.pop()

while (len(G) > 0 and arr[G[-1]] <= arr[i]):
G.pop()

G.append(i)
S.append(i)

for i in range(k, n):
Sum += arr[S[0]] + arr[G[0]]
while (len(S) > 0 and S[0] <= i - k):

S.popleft()
while (len(G) > 0 and G[0] <= i - k):

G.popleft()
while (len(S) > 0 and arr[S[-1]] >= arr[i]):

S.pop()
while (len(G) > 0 and arr[G[-1]] <= arr[i]):

G.pop()
G.append(i)
S.append(i)

Sum += arr[S[0]] + arr[G[0]]
return Sum

int SumOfKsubArray(int arr[], int n, int k){
int Sum = 0;
deque <int> S;
deque <int> G;
for(int i = 0; i < k; i ++){

while((int) S.size() > 0 && arr[S.back()] >= arr[i])
S.pop_back();

while((int) G.size() > 0 && arr[G.back()] <= arr[i])
G.pop_back();

G.push_back(i);
S.push_back(i);

}
for(int i = k; i < n; i ++){

Sum += arr[S.front()] + arr[G.front()];
while((int) S.size() > 0 && S.front() <= i - k)

S.pop_front();
while((int) G.size() > 0 && G.front() <= i - k)

G.pop_front();
while((int) S.size() > 0 && arr[S.back()] >= arr[i])

S.pop_back();
while((int) G.size() > 0 && arr[G.back()] <= arr[i])

G.pop_back();
G.push_back(i);
S.push_back(i);

}
Sum += arr[S.front()] + arr[G.front()];
return Sum;

}

Figure 2: Example of unsupervised Python to C++ translation. TransCoder successfully translates the
Python input function SumOfKsubArray into C++. TransCoder infers the types of the arguments, of the
variables, and the return type of the function. The model maps the Python deque() container, to the C++
implementation deque<>, and uses the associated front, back, pop_back and push_back methods to retrieve
and insert elements into the deque, instead of the Python square brackets [], pop and append methods.
Moreover, it converts the Python for loop and range function properly.

successfully pass the unit tests. For instance, when translating from C++ to Java, only 3.1% of
the generations are strictly identical to the ground truth reference, although 60.9% of them return
the expected outputs. Moreover, the performance in terms of BLEU is relatively flat and does not
correlate well with the computational accuracy. These results highlight the issues with the traditional
reference match and BLEU metrics commonly used in the field.

Beam search decoding. In Table 2, we study the impact of beam search, either by considering
all hypotheses in the beam that pass the unit tests (CA@N) or by only considering the ones with
the highest log-probabilities (N Beams - CA@1). Compared to greedy decoding (CA@1), beam
search significantly improves the computational accuracy, by up to 33.7% in Java ! Python with 25
beams (CA@25). When the model only returns the hypothesis with the highest log-probability, the
performance drops, indicating that TransCoder often finds a valid translation, although it sometimes
gives a higher log-probability to incorrect hypotheses. More generally, beam search allows minor
variations of the translations which can make the unit tests succeed, such as changing the return or
variable types in Java and C++, or fixing small errors such as the use of / instead of the // operator in
Python. More examples of errors corrected by beam search are presented in Figure 9 in the appendix.

In a real use-case, checking whether the generated functions are syntactically correct and compile, or
creating unit tests from the input function would be better approaches than comparing log-probabilities
in order to select an hypothesis from the beam. Table 5 in the appendix shows that many failures

Table 1: Results of TransCoder on our test set with greedy decoding. We evaluate TransCoder with
different metrics: reference match, BLEU score, and computational accuracy. Only 3.1% of C++ to Java
translations match the ground truth reference, although 60.9% of them successfully pass the unit tests, suggesting
that reference match is not an accurate metric to evaluate the quality of translations. Similarly, the BLEU score
does not correlate well with the computational accuracy.

C++ ! Java C++ ! Python Java ! C++ Java ! Python Python ! C++ Python ! Java

Reference Match 3.1 6.7 24.7 3.7 4.9 0.8
BLEU 85.4 70.1 97.0 68.1 65.4 64.6
Computational Accuracy 60.9 44.5 80.9 35.0 32.2 24.7
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24 to 60% accuracy



Unsupervised translation


Bonus: select the synthetic functions


- discard the bad ones by running the original unit tests on them. 


- discard the syntactically incorrect synthetic functions. 
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Language models


Neural Scaling Laws: neural language models scale smoothly with optimally allocated compute.


No diminishing returns yet?!
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Validation/evaluation

Evaluating text generation hard


Natural languages, require  human evaluation 

- slow and expensive.


Solution: similarity metrics correlate with human evaluation.


BLEU (n-gram match) in academia and edit similarity in the industry.



Validation/evaluation



Validation/evaluation

What about code translation?


Disadvantage: hard/binary correctness, a single 
character may corrupt an otherwise perfect solution.


Advantage: well-defined syntax and semantics



Validation/evaluation

● Exact match:  wrt ground truth translation. 
● CodeBLEU: BLEU with AST features. 
● IO/unit tests: correct iff passes unit tests 

(“observational equivalence”) 
● Formally verified:  equivalent to source sequence.



Validation/evaluation

Compiler validation vs translator validation: 

● Compilers/synthesizers  are correct by design/construction 


● Translator validation >>> compiler  validation

● Growing interest in neural network interpretability/verifiability
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What’s next

Methods are generic: apply to any sequence

Add inductive biases from PL?

● graph neural networks. Good at code classification, but  

underperform Transformers at generative tasks! 
● “bitter lesson” for ML for code: “just” scaling up outperforms 

everything?

Can we learn from program synthesis and compilers ?



What’s next

Code inductive biases are likely to inform future designs


Best changes will not necessarily be in the architecture level:


● Data: can we preprocess data differently/better?  
● Training objectives: can we find better loss functions for the code domain? 
● Hybrid methods: can we effectively combine NMT with program synthesis? 
● Input/output pairs: can we use input/output pairs to guide the translation?



David vs Goliath: Decompilation and ChatGPT

(SLaDe: A Portable Small Language Model Decompiler for Optimized Assembler)


[CGO2024]



Decompilation: x86->C

C x86

Difficult to run compilers backwards



Decompilation: x86->C

Explored for 50 years


- Used as precursor for binary translation

- Surprising lack of evaluation on correctness

- Often produce mangled code


Several commercial and open-source tools


Many person-years of effort

- Retdec over 25 person-years



State-of-the-art GHIDRA

C x86
Decompiler from NSA

Many person-years effort



Useful for:


● Security purposes!

● Porting legacy code.

● Lifting?


Excellent rule-based decompiler


… but  produces hard-to-read code!
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void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
2

.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc

4

5

3
Original Source

SLaDe

1

Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].

What does this code do?



void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
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.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc

4

5

3
Original Source

SLaDe

1

Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].

Generates structured code

- but difficult to read


Non-intuitive variable  names


Use of shifts and masks


Follows O3 control-flow 

mangling





void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
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.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc
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Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].

void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
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.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc
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Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].



void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}
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.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc
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Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].

Compared to Ghidra

+ More readable code than Ghidra

+ More meaningful variable names

+ Even adds comments!

+ Compiles and executes


However

- complex code

- introduces x86 intrinsics

- gives incorrect results 



SLaDe: both correct and readable!

79

void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
2

.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc

4

5

3
Original Source

SLaDe

1

Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].

void add(int *list, int val, int n) {
  int i;
  for (i = 0; i < n; ++i) {
    list[i] += val;
  }
}

void add(int* dest, int* src, int n) {
  if (n <= 0) {
    return;
  }
  // If n is smaller than 2, use a loop
  // to add the values
  if (n < 2) {
    for (int i = 0; i < n; i++) {
      dest[i] += src[i];
    }
    return;
  }

  // Align dest pointer to
  // 16-byte boundary
  int* aligned_dest = (int*) 
     (((uintptr_t) dest + 15) & ~15);

  // Calculate the number of elements
  // before the aligned dest pointer
  int pre_count = (aligned_dest - dest);

  // Add the unaligned elements
  for (int i = 0; i < pre_count; i++) {
    dest[i] += src[i];
  }

  // Add the aligned elements
  int count = (n - pre_count) / 4;
  __m128i* sse_src =
        (__m128i*) (src + pre_count);
  __m128i* sse_dest =
        (__m128i*) (aligned_dest);
  __m128i xmm1 =
        _mm_loadu_si128(sse_src);
  for (int i = 0; i < count; i++) {
    __m128i xmm0 =
      _mm_load_si128(sse_dest);
    xmm0 = _mm_add_epi32(xmm0, xmm1);
      _mm_store_si128(sse_dest, xmm0);
    sse_src++;
    sse_dest++;
  }

  // Add the remaining elements
  int remaining = n - 
    (pre_count + count * 4);
  for (int i = 0; i < remaining; i++) {
    dest[pre_count + count * 4 + i] += 
       src[pre_count + count * 4 + i];
  }
}

   int now = *len;
   while (now > 1 && val > array[now >> 1]) {
      array[now] = array[now >> 1];

      now >>= 1;

      array[now] = val;

   }

BTC
(Decompiled from O0)

void add(int *param_1, int param_2, 
         uint param_3) {
  uint uVar1;
  int *piVar2;
  int *piVar3;

  if (0 < (int)param_3) {
    if (param_3 - 1 < 3) {
      uVar1 = 0;
      do {
        param_1[(int)uVar1] =
          param_1[(int)uVar1] + param_2;
        uVar1 = uVar1 + 1;
      } while ((int)uVar1 < (int)param_3);
      return;
    } else {
      piVar2 = param_1;
      do {
        piVar3 = piVar2 + 4;
        *piVar2 = *piVar2 + param_2;
        piVar2[1] = piVar2[1] + param_2;
        piVar2[2] = piVar2[2] + param_2;
        piVar2[3] = piVar2[3] + param_2;
        piVar2 = piVar3;
      } while (piVar3 = param_1 +
        ((ulong)param_3 >> 2) * 4,
        piVar2 != piVar3);

      uVar1 = param_3 &
        0xfffffffc;
      if ((param_3 & 3) == 0) {
        return;
      }
      param_1[(int)uVar1] =
        param_1[(int)uVar1] + param_2;
      if ((int)(uVar1 + 1) < 
          (int)param_3) {
        param_1[(int)(uVar1 + 1)] =
          param_1[(int)(uVar1 + 1)] + 
          param_2;
        if ((int)(uVar1 + 2) < 
            (int)param_3) {
          param_1[(int)(uVar1 + 2)] =
            param_1[(int)(uVar1 + 2)] + 
            param_2;
          return;
        }
      }
    }
  }
}

Ghidra ChatGPT
2

.globl add

.type add, @function
add:
.LFB0:
.cfi_startproc
endbr64
movq %rdi, %rcx
testl %edx, %edx
jle .L1
leal -1(%rdx), %eax
cmpl $2, %eax
jbe .L6
movq %rdi, %rax
movl %edx, %edi
movd %esi, %xmm2
shrl $2, %edi
pshufd $0, %xmm2, 

       %xmm1
subl $1, %edi
salq $4, %rdi
leaq 16(%rcx,%rdi),%rdi
.p2align 4,,10
.p2align 3

.L4:
movdqu (%rax), %xmm0
addq $16, %rax
paddd %xmm1, %xmm0
movups %xmm0, -16(%rax)
cmpq %rdi, %rax
jne .L4
movl %edx, %edi
andl $-4, %edi
testb $3, %dl
je .L9

GCC O3:

.L3:

movslq %edi, %rax

leal 1(%rdi), %r8d

salq $2, %rax

addl %esi, (%rcx,%rax)

cmpl %r8d, %edx

jle .L1

addl $2, %edi

addl %esi, 4(%rcx,%rax)
cmpl %edi, %edx
jle .L1

addl %esi, 8(%rcx,%rax)

.L1:

ret

.p2align 4,,10

.p2align 3

.L9:

ret

.L6:

xorl %edi, %edi

jmp .L3

.cfi_endproc

4
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1

Fig. 1. Comparing decompilation techniques to the ground-truth. We compile the original code (box 2) using GCC O3 and then decompile with each technique.
As BTC was trained on O0 code, we use O0 to evaluate it. We can see that Ghidra (box 1) and ChatGPT (box 3) produce very difficult to read code and in
ChatGPT’s case, the code is incorrect, adding two arrays together rather than adding a constant to an array. BTC (box 5) produces significantly more readable,
but also incorrect, code. SLaDe (box 6) produces readable, correct code.

a) Input Output (IO) Accuracy: A typical definition of
semantic equivalence is to use behavioural equality. That is,
for some functions c 2 C and s 2 S over some domain
D: 8x 2 D.s(x) ⌘ c(x) . This is undecidable for domains
where D is infinite, which is frequent in practice. To make this
notion of equivalence decidable, we instead use input/output
equivalence on finite subsets. That is, we select some finite set
F ✓ D and then seek to prove that:

8x 2 F .s(x) ⌘ c(x) (3)

This process is decidable provided we assume that c or l

terminates. In practice, non-termination is rare and we assume
non-equivalence in cases on non-termination. This process
used for compiler testing in [19] is successfully used in eval-
uating standard decompilers in [20]; this paper is the first to
use it on neural decompilation. As the size of the finite subset
increases, our confidence increases that the programs are truly
equivalent also increases, but is only guaranteed in cases where
D is finite and fully-explored. In many case tighter bounds
on equivalence can be found via model-checking and other
techniques [21].



SLaDe architecture: small Transformer + Type Inference

80200M parameters (David) vs ChatGPT(Goliath):  O(10^3) larger



Datasets: AnghaBench (large-scale training and evaluation)
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x86:                        3x improvement on O3 
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ARM:              3x to 6x improvement on O3 
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Analysis

Ghidra  

- code complexity causes problems

- fundamentally cannot predict types of external functions


ChatGPT

- performs well on x86 O0 but O3 causes significant difficulty

- worryingly produces compilable code that is wrong


SLaDe

- rarely produces compilable code that is incorrect

- can be improved with program analysis interacting with decoder
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Conclusion

To adapt to a world of language/hardware innovation


We need to rethink compilation


Lots of unusual technology - great time for research!


mob@inf.ed.ac.uk




Rethinking Compilation 

   Alexander Braukmann, Jordi Armengol Estape, Jose Wesley Magalhaes. Michael O’Boyle, Jackson Woodruff
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