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A Hyperparameters

In the experiments, for AlphaDev, we mostly used the same neural network architecture, optimisation and hyperpa-
rameters used by AlphaZero [1]. The main differences are the architecture used for the representation and prediction
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networks, which we define in Table A.1 and A.2 respectively. In addition the hyperparameters for AlphaDev-S-WS and
AlphaDev-S-CS can be found in Tables A.3 and A.4 respectively.

Module Hyperparameters Representation Network
Architecture MultiQuery Transformer Encoder
Number of layers 6
Transformer Encoder Number of heads 4
Output size 128
Architecture MLP
Number of layers 2
CPU State Encoder Embedding dimension 512
Activation function relu

Table A.1: Hyperparameters for the Representation Network. The MultiQuery Transformer encoder uses a form of
multi-head attention with multiple (in our case 4) query heads while using only one key and value head.

Head Hyperparameters Prediction Network
Architecture MLP
Embedding dimension 512
Value Correctness/Latency Number of layers 2
Output distribution Categorical [2]
Head loss Categorical cross entropy
Architecture MLP
Embedding dimension 512
Policy Number of layers 2
Output size Number of actions
Head loss Softmax cross entropy

Table A.2: Hyperparameters for the Prediction Network. This includes the hyperparameters for the dual value function
correction and latency heads as well as for the policy.

AlphaDev-S-WS Hyperparameters Values for sort<3,4,5,6,7,8> Values for VarSort<3,4,5>

«@ <0.05, 0.05, 5.0, 0.01, 0.1, 0.01> <0.01, 1.5, 1.0>
Beta (Annealing constant) <100, 100, 10, 100, 30, 0.1> <30, 100, 30>
instruction weight 1 1
Swap weight 1 1
Opcode weight 1 1
Operand weight <1,1,3,1,1,3> <1,3,1>
Add weight 0 0

Table A.3: AlphaDev-S-WS Hyperparameters. Note that the optimal hyperparameters were identified after running an
extensive hyperparameter sweep.



AlphaDev-S-CS Hyperparameters Values for sort<3,4,5,6,7,8> Values for VarSort<3,4,5>

« <0.01, 0.01, 0.01, 0.1, 0.01, 0.01> <1.0,1.5,0.01>
Beta (Annealing constant) <100, 100, 100, 30, 100, 100> < 30, 100, 30>
instruction weight 1 1
Swap weight 1 1
Opcode weight 1 1
Operand weight <1,1,1,1,1,1> <1,3,1>
Add weight 0 0

Table A.4: AlphaDev-S-CS Hyperparameters. Note that the optimal hyperparameters were identified after running an
extensive hyperparameter sweep.

B Correlation between algorithm length and latency

It is critical in our branchless conditional assembly setup that if we use algorithm length as a proxy for latency, then
there should be a strong correlation between the two. To measure this correlation, we ran AlphaDev-S and generated
correct sorting programs over a range of lengths for both fixed and variable sort algorithms. We then measured the
latency of each program using the latency benchmarking suite (see Methods for more details) and computed the Pearson
correlation between algorithm length and latency.

Fixed sort. The correlation for each fixed sort algorithm is shown in the first five columns of Table B.5. For sort8, not
enough data points were generated to compute correlation, but we assume that the correlation holds here too since the
program structures are still branchless conditional assembly and do not drastically change between sorting programs.
As seen in the table, there is strong positive correlation for each task which implies that algorithm length is indeed a
good proxy for latency in this setup. The full correlation plots are presented in Figure B.1.

Task Sort3 Sort4 Sort5 Sort6 Sort7 VarSort3  VarSort4  VarSorts

Pearson correlation of length vs. latency 1.00 1.00 0.98 0.99 0.98 0.65 -0.02 -0.68

Table B.5: The pearson correlation coefficient between algorithm length and latency for fixed and variable sort algo-
rithms discovered by AlphaDev-S. Note that for the conditional branchless algorithms (sort3 to sort7), there is strong
correlation between length and latency. However, for variable sort algorithms that contain branching, the correlation
breaks down as the size of the sort algorithm increases.

Variable sort. In the variable sort algorithm setting, additional algorithm complexity in the form of branching is
introduced. This factor largely removes the correlation between algorithm length and latency. The last three columns
in Table B.5 present the Pearson correlation between algorithm length and latency for each of the variable sort functions.
As seen in the table, as the size of the sort increases, the correlation breaks-down. The correlation plots corresponding
to this table are presented in Figure B.2. This also indicates that, in the variable sort case, we want to optimize directly
for latency rather than algorithm length, to find optimal low-latency algorithms.

C Scaling to larger sorts

While sort3 to sort5 are fundamentally important algorithms, we investigate approaches to scaling to larger fixed sorting
algorithms. As such, we focused on solving sort6 to sort8 using AlphaDev. The main bottleneck for scaling is the
increasing number of sequences that need to be computed to determine algorithm correctness. For example, sort6 and
sort7 require testing 4683 and 47293 sequences for correctness respectively. We incorporate three modifications that
help improve the capabilities of AlphaDev. First, we address the increasing number of sequences for correctness by
extending the well-known zero-one principle [3, 4] to our setting. We refer to this as the Assembly zero-one principle
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Figure B.1: Pearson correlation of Algorithm length vs. latency for fixed sort algorithms generated by AlphaDev-S.
Note the strong correlation between length and latency for the conditional branchless sorting algorithms.
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Figure B.2: Pearson correlation of Algorithm length vs. latency for variable sort algorithms generated by AlphaDev-S.
As seen in the figure, as the length of the variable sort algorithm increases, the correlation between length and latency
breaks down.

theorem; see Appendix F for the full proof. Our theorem states that it is sufficient to test fixed sorting algorithms on
all binary sequences to ensure algorithm correctness. As such, sort6 and sort7 algorithms only need to be tested on
26 = 64 and 27 = 128 sequences respectively. Second, we utilize a Graph Neural Network (GNN) [5] in place of the
Transformer Encoder in the AlphaDev representation network. The GNN is well suited for fixed sort algorithms (i.e.,
branchless assembly) but requires significant modifications to capture the structure of branched assembly programs
which we leave for future work; see Appendix C.1 for a full overview of the GNN. In addition, we utilize MuZero [6]
as the AlphaDev learning algorithm. This is to primarily improve the speed of the agent as it uses a learned model
during MCTS. We refer to this variant as AlphaDev-M. Finally, we use re-analyze [7] which uses sub-optimal, but
correct demonstrations to help guide the search of the agent. AlphaDev-M improves upon the state-of-the-art human



benchmarks for sort6, sort7 and sort8 by reducing the number of instructions by 3, 2 and 1 respectively.

C.1 Graph neural network encoder

As mentioned in the main paper, the representation P of the algorithm generated thus far can benefit from capturing
the algorithmic structure. Graph-based representations have been shown to improve performance in tasks such as
program classification and induction [8] or variable naming and identifying variable misuse [9]. Such results are an
indication that the inductive biases and invariances incorporated by graph neural networks are effective in building
models that learn efficiently and generalize in algorithm space. As such, we introduce our Graph Neural Network [5,
10, 11] architecture that models the structure of assembly programs. As seen in Figure C.3, we define a graph where
nodes (circles) represent memory and register locations as well as register flags (e.g., ‘Flag’ node), and edges (arrows)
correspond to data flow induced by instructions. These nodes store as their features the values of the corresponding
locations after executing the program on all possible inputs. Edge features include the instruction order (e.g., a, b, ¢, d),
instruction arguments and the instruction to be executed. After AlphaDev executes an action, an instruction is appended
to the graph via an edge. Global features are also included that consist of a single vector summarizing information about
the entire graph. For example, an input global feature could be the algorithm length. The hyperparameters used in the
GNN implementation are found in Table C.6.

Example Program
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Figure C.3: GNN representation of assembly programs. The GNN representation consists of nodes (circles) that
correspond to memory and register locations as well as register flags. The edges (arrows) correspond to data flow
induced by instructions. Edge features include instruction order (e.g., a, b, c, d), instruction operands and the instruction
to be executed. The GNN network can be used interchangeably with the Transformer Encoder module in Extended Data
Figure 1.



Module Hyperparameters GNN

Graph Neural Network Number of blocks 1
Architecture Residual blocks
Number of blocks 4
Global update Number of layers per block 2
Embedding dimension 512
Architecture Residual blocks
Node undate Number of blocks 4
P Number of layers per block 2
Embedding dimension 512
Architecture Residual blocks
Number of blocks 4
Edge update Number of layers per block 2
Embedding dimension 512
Edge Aggregation Type Sum

Table C.6: Hyperparameters for the GNN representation network.

D Additional domains

D.1 Varlnt Serialization and Deserialization functions

Data stored using Protocol Buffer format is serialized before transmission. The receiving end can then deserialize the
data. The Varlnt algorithm [12] is a key component in both the serialization and deserialization process. It is also one
of the main contributors to computational costs during deserialization. The human benchmark, which is the current
open-source implementation for the VarInt deserialization function, contains branching (i.e., if-else statements) and
needs to deserialize a binary input sequence of 5 bytes in length.

A Varlnt serialization algorithm receives as input a value (e.g., 300) and serializes this value into a sequence of
bytes. The serialized bytes are then transmitted over a specified protocol. A Varlnt decoding algorithm receives as
input the sequence of binary bytes and deserializes this back to the original value (i.e., 300). A more detailed example
of a VarInt serialization/deserialization process is detailed below:

Varint Serialization routine.
e A value, for example 300 is fed as input into the Varlnt serialization routine.
* This value is then serialized into a binary sequence of bytes. In this example, we need two bytes to represent 300
as: 10101100 00000010.
Varint Deserialization routine. The serialized representation can be transformed back into 300 as follows:
* Drop the most significant bit for each byte to yield: 0101100 0000010.
* As the Varlnt encoding stores numbers with the least significant group first, we reverse the order of each byte to

yield: 0000010 0101100 which corresponds to the binary representation of 300

The VarInt Deserialization planning problem. When training an agent to generate the VarlInt deserialization rou-
tine, there are various planning considerations to be made. For example, the Most Significant Bit (MSB) in each byte of
the representation is critical to successfully deserialize the serialized value. The MSB indicates whether the subsequent
byte should be read. For example, the two byte serialized representation in the above example 10101100 00000010
indicates that the second byte should be read as the first byte’s MSB is set to 1. However, the second byte’s MSB is 0



indicating that, if subsequent bytes exist in the serialized sequence, they should not be read. Moreover, as numbers are
stored with the least significant group first, the order of the bytes need to be reversed efficiently. It is therefore critical
to construct the Varlnt de-serialization algorithm such that it captures this relationship and finds optimized routines to
make the function more efficient.

VarlInt assignment move. When deserializing data byte-by-byte, the agent needs to decide whether it should decode
the next byte or not. The most significant bit in each byte is called the continuation bit. If it is set to 1 then the next byte
should be decoded; if it is set to O then the next byte should not be decoded and the decoding is finished. Typically, an
instruction is required to test the continuation bit to determine whether it is set or not, and then set a flag, and a second
instruction is required to reset the continuation bit to zero. The AlphaDev agent discovered a way to combine these two
operations into a single instruction by making using of the add<A,B> instruction — adds the value in A to the value
in B — in a clever way. We refer to this as the Varint assignment move. The instruction is defined as add < —27* 5,
RegisterX > where B refers to the number of bytes that have been processed thus far and are stored in RegisterX. By
adding this to RegisterX, it has the effect of (1) setting a flag if the continuation bit is set and (2) resetting that bit to
zero. Subsequent instructions then make use of the flag value.

D.2 Competitive coding

We selected a competitive programming problem (Buttons [13]) from the CodeContests dataset [14] and used a correct
human solution from the dataset as the benchmark. We defined an algorithm correctness reward and a latency reward
as in previous domains. To verify correctness, we generate an exhaustive set of input, output pairs that AlphaDev uses
for evaluating the generated programs whilst playing the game. Using AlphaDev, the agent is able to discover a lower
latency algorithm than the human benchmark as shown in Table 1b. Interestingly, the lower latency program in this
case is a longer program (29 instructions) compared to the human benchmark (13 instructions). The agent has found
an efficient way to replace expensive multiplication operations with addition and subtraction instructions. This further
highlights the need to optimize directly for latency as opposed to program length.

E LLVM patch

Using the official libc++ benchmarking suite, the performance of the sort3, sort4 and sort5S AlphaDev implementations
compared to the original libc++ implementation are presented in the Tables below. The performance is computed
across three different CPU architectures: Intel Skylake, ARMv8 and AMD Zen 2 for three different data types, namely:
int32 (Table E.7), int64 (Table E.8) and floats (Table E.9). The columns for each Table are setup as follows: sortK
indicates the number of elements being sorted by both algorithms. For example, sort1024 benchmarks the speed of
sorting 1024 elements using the libc++ sorting library functions. As these functions call sort3, sort4 and sort5 multiple
times, we are able to measure the efficiency gains for our approach on this large sorting function. The next column
original LLVM sort contains the run-time performance of the sortK algorithm using the original LLVM sort3, sort4
and sort5 functions, measured in nano-seconds (ns). The AlphaDev column presents the run-time performance of the
sortK algorithm using the AlphaDev sort3, sort4 and sort5 implementations. The next column, change, indicates the
percentage change when comparing the original LLVM sort performance with the AlphaDev performance. Here, a
negative percentage change indicates that AlphaDev outperforms the original LLVM sort algorithms. The final column
contains the p-value which corresponds to the statistical significance of the result. Note that there are small regressions
in performance for sortl on ARMvS for uint32 and Intel Skylake for uint64. This is due to noise as the program
simply terminates in this case and the latency that needs to be measured is negligibly small (less than a nanosecond).



cpu sortK original LLVM sort AlphaDev % change  p-value
1 3.98ns + 5% 3.69ns+7%  -7.11%  0.000
, 3 4.86ns + 6% 2.18ns 5%  -55.18%  0.000
£ 4 5.43ns = 8% 1.96ns + 8%  -63.93%  0.000
> 5 6.79ns = 8% 1.98ns +7%  -70.87%  0.000
ZB T 10.5ns + 9% 95ns+9%  -9.11%  0.000
2 64 18.4ns +13% 174ns £11%  -5.69%  0.000
= 256 25.8ns +10% 247ns +8%  -4.09%  0.000
1024 32.8ns + 8% 319ns+9%  -2.79%  0.000
16384 472ns + 7% 463ns £10%  -1.90%  0.000
262144 61.4ns + 7% 60.8ns 9%  -0.97%  0.000
1 3.85ns + 0% 4.01ns = 0% +3.95% 0.000
3 431ns + 0% 2.11ns 0%  -51.04%  0.000
. 4 4.83ns + 0% 2.05ns 0%  -57.50%  0.000
z s 5.52ns + 0% 2.15ns 0%  -61.01%  0.000
¥ 16 9.59ns = 0% 9.15ns 0%  -4.59%  0.000
< o 16.2ns + 0% 15708 £ 0%  -2.99%  0.000
256 22.3ns + 1% 20.7ns+0%  -2.77%  0.000
1024 28.5ns = 0% 27 7ns 0%  -2.64%  0.000
16384 403ns + 1% 39.4ns 1%  -2.17%  0.000
262144 51.8ns + 2% 509ns 2%  -1.69%  0.000
1 3.38ns + 1% 3.38ns + 1% ~ 0.616
3 4.45ns + 1% 177ns + 1% -60.21%  0.000
g 5.21ns = 1% 1.57ns + 1% -69.85%  0.000
3 5 5.87ns = 5% 1.78ns 1%  -69.68%  0.000
a 16 9.15ns + 1% 8.90ns £0%  -2.65%  0.000
Z 64 166ns+ 1%  164ns0%  -0.65%  0.000
256 24.1ns = 1% 240ns+ 1%  -0.40%  0.000
1024 31.6ns £ 1% 313ns+£1%  -0.71%  0.000
16384 46.6ns + 1% 462ns+ 1%  -0.81%  0.000
262144 61.1ns + 2% 60.8ns + 3% ~ 0.103

Table E.7: Performance of the AlphaDev C++ Sort3,4,5 implementations on type uint32. Performance is bench-
marked using the official LLVM microbenchmark. Note that the improved sort3, sort4 and sort5 routines discovered by
AlphaDev improves the overall performance of significantly larger sorting functions (e.g., sort262144). This is because
larger sorting algorithms repeatedly call small sort algorithms using divide-and-conquer approaches.



cpu  sortK original LLVM sort  AlphaDev % change  p-value
1 3.68ns + 5% 3.71ns £ 6%  +0.80% 0.000
. 3 4.95ns + 8% 2.18ns £ 5%  -56.01%  0.000
< 4 5.39ns + 7% 1.96ns £ 5%  -63.63%  0.000
E» 5 6.91ns £ 6% 20lns £ 6% -70.97%  0.000
e 16 10.0ns £ 9% 9.4ns + 8% -5.97% 0.000
£ 64 17.9ns £10% 17.3ns £ 9%  -3.03% 0.000
. 256 25.3ns £10% 24.Tns £ 8%  -2.50% 0.000
1024 32.2ns + 6% 31.6ns + 6%  -1.80% 0.000
16384 46.9ns + 7% 46.0ns £8%  -1.81% 0.000
262144 61.3ns + 6% 60.5ns £ 9%  -1.27% 0.000
1 4.02ns £ 0% 393ns+2%  -2.32% 0.000
3 4.36ns + 0% 2.23ns 2%  -48.74%  0.000
o 4 5.03ns £ 0% 2.18ns £ 0%  -56.68%  0.000
E 5 5.61ns £ 0% 229ns £ 1%  -59.10%  0.000
[ 16 9.63ns + 0% 9.22ns £ 0%  -4.32% 0.000
< 64 16.2ns + 0% 159ns £ 0%  -2.18% 0.000
256 22.4ns + 0% 22.1ns £ 0%  -1.49% 0.000
1024 28.4ns + 0% 28.0ns £ 0%  -1.16% 0.000
16384 40.0ns = 1% 39.7ns £ 1%  -0.81% 0.000
262144 51.6ns + 2% 514ns £2%  -0.48% 0.000
1 3.39ns + 1% 339ns+ 0%  -0.19% 0.008
3 4.47ns + 2% 1.77ns £ 1%  -60.42%  0.000
‘; 4 5.20ns + 1% 1.56ns + 1%  -69.88%  0.000
N 5 6.07ns £ 4% 1.59ns £ 1%  -73.73%  0.000
a 16 10.1ns + 1% 9.0ns £ 1%  -10.80%  0.000
5 64 18.1ns + 1% 16.6ns + 1%  -8.45% 0.000
256 25.8ns + 1% 242ns £ 1%  -6.16% 0.000
1024 33.2ns + 1% 31.7ns £ 1%  -4.78% 0.000
16384 48.2ns £ 1% 46.7ns £ 1%  -3.18% 0.000
262144 63.0ns + 3% 613ns£3%  -2.78% 0.000

Table E.8: Performance of the AlphaDev C++ Sort3,4,5 implementations on type uint64. Performance is benchmarked

using the official LLVM microbenchmark.



cpu sortK  original LLVM sort AlphaDev % change  p-value
1 3.97ns + 5% 3.68ns + 5% -7.43% 0.000
. 3 5.28ns = 7% 2.07ns £ 7%  -60.68%  0.000
< 4 5.88ns = 7% 1.8Ins+7%  -69.16%  0.000
E\ 5 7.22ns + 8% 2.09ns £ 6%  -71.12%  0.000
A 16 11.0ns £ 8% 11.3ns 8%  +2.06% 0.000
2 64 19.8ns £11% 19.8ns + 10% ~ 0.265
- 256 27.9ns £8% 28.0ns = 7%  +0.37% 0.044
1024 36.0ns + 8% 36.2ns £ 7%  +0.46% 0.018
16384 52.1ns + 6% 523ns 5%  +0.54% 0.001
262144 67.6ns £ 6% 68.4ns +7%  +1.22% 0.000
1 4.01ns = 0% 3.85ns £ 0% -3.81% 0.000
3 4.79ns = 0% 2.16ns £ 0%  -54.92%  0.000
o 4 5.55ns + 0% 21708 £ 0%  -60.98%  0.000
E 5 6.69ns + 0% 273ns 0%  -59.21%  0.000
~ 16 10.6ns + 0% 10.2ns + 0% -3.81% 0.000
< 64 18.1ns = 0% 17.5ns + 0% -3.01% 0.000
256 25.1ns = 0% 24.4ns + 0% -2.88% 0.000
1024 32.1ns = 0% 31.3ns £ 0% -2.61% 0.000
16384 45.8ns + 1% 44.9ns *+ 1% -1.96% 0.000
262144 59.0ns £ 2% 58.1ns + 2% -1.55% 0.000
1 3.39ns + 2% 3.39ns + 0% ~ 0.921
3 5.33ns = 1% 1.75ns £ 1%  -67.12%  0.000
‘; 4 6.28ns + 2% 1.55ns £ 1%  -75.35%  0.000
N 5 8.12ns + 1% 1.74ns £ 1%  -78.60%  0.000
a 16 12.3ns £ 1% 11.1ns £ 1% -9.73% 0.000
% 64 21.9ns £ 1% 21.0ns £ 1% -4.21% 0.000
256 31.3ns = 1% 30.5ns £ 1% -2.75% 0.000
1024 40.8ns + 1% 39.9ns £ 1% -2.02% 0.000
16384 59.7ns + 2% 59.0ns *+ 1% -1.31% 0.000
262144 78.1ns £ 3% 77.4ns + 3% -0.80% 0.000

Table E.9: Performance of the AlphaDev C++ Sort3.4,5 implementations on type float. Performance is benchmarked

using the official LLVM microbenchmark.
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F Theorem: the Assembly Zero-One Principle

Memory y

Registers v I ' 5 V : '
L I LE .G

Figure F.4: An example Assembly Sorting Network for a Sort3 function. Note that three memory locations and four
registers are required to generate a sort3 function. As a result, there are three wires that represent the memory locations
and four wires to represent the register locations. A solid line arrow represents a move instruction from source to
destination; a dotted line arrow is a conditional move where L, LE and G correspond to ’Less than’, ’Less than or Equal
to’ and ’Greater than’ respectively; a regular solid line represents a comparator from a classic sorting network.

In the sort setting, a computational bottleneck for AlphaDev lies in the reward computation, whose complexity
grows super-exponentially as it requires executing the candidate program on all weak orderings of input sequences,
whose counts are referred to as ordered Bell numbers [15]. For N inputs, the ordered Bell number is defined as
ordBell(N) = Zgzl {Ilg}k' For N = 6, the reward computation becomes costly enough to slow down the training
considerably. For larger N, the problem becomes intractable. In this section, we optimize this correctness evaluation
procedure by leveraging the Zero-One principle, and adapting it to assembly programs.

The Zero-One Principle.

Proposition 1. [Zero-One Principle, 3] If a sorting network sorts all binary sequences in {0, 1}, then it also sorts
all sequences of arbitrary numbers correctly.

This drastically reduces the number of sequences needed for evaluation. For example, sort8 only requires 28 =
256 sequences instead of 8% = 16777216. By adapting the zero-one principle to our setup, the number of input
sequences required for testing correctness reduces dramatically as seen in Table F.10. We next go through the proof of
the Assembly Zero-One principle, and start by introducing Assembly Sorting Networks.

F.1 Assembly Sorting Network

We define in this section a particular generalization of traditional sorting networks in the assembly language space that
we coin as "Assembly Sorting Networks". In this formulation, we have N memory wires and Ny, registers yielding in
total K = N + Ny, wires, and a special flag variable. An example is shown in Figure F.4. Each assembly instruction
is mapped to a visual representation on the diagram. Formally,

Definition 1. (Assembly Network) This network consists of N memory wires, Ny, register wires that carry values, one
flag wire taking values in {Less (L), Greater (G), Equal (E)}, and a sequence of m operations (Op*,0p?, ..., 0p™).

Given an input sequence a, the state of an Assembly Sorting Network W after ¢ operations is described by the
wires-flag pair (W*[a], F'[a]), and we use the subscript notation W/ [a] to denote the value at wire i. For simplicity,
we sometimes omit the input sequence a in the notation when it is non-ambiguous.

Definition 2. (Assembly Sorting Network) An Assembly Sorting Network is an Assembly Network designed to sort any
input of length N by supporting the following set of operations:

Definition 3. (Move) The move operation mov<p,q> copies the value from wire p to wire q. At stage t, it produces the
state (W, F*) such that

11



N|2Y -1 N! ordBell(N) NN

1 1 1 1 1

2 3 2 3 4

3 7 6 13 27

4 15 24 75 256

5 31 120 541 3125

6 63 720 4683 46656
7 127 5040 47293 823543
8 255 40320 545835 16777216

Table F.10: Sorting sequences needed for evaluating correctness. This table provides a comparison of the number of
input sequences needed for the observation space, and evaluating correctness, as a function of the sort length N. We
compare using the zero-one principle (2V), total orderings without ties (IN'!), weak orderings (ordBell(/N)) and total
orderings (N7)

t—1 o —
° Wz.t = WI;_17 l‘f’L.—q
Wi ) lfl#q

° Ft — Ft—l

Definition 4. (Compare) The compare operation cmp<p,q> compares the wires p and q and writes the result to the
flag. At stage t, it produces the state (W', F*) such that

° Wt _ Wt—l

Less, Wit <wit
o F' = ¢ Equal, if W™t =wWi!
Greater, if Wi~ > Wi-!

Definition 5. (Conditional Move) The conditional move operation cmovLE<p,q> may move the value from wire p to q
depending on the value of the flag, and thus of the result of the latest compare operation. At stage t produces the state
(W, F?) such that

e W= Wéj if F'=1 € {Less, Equal}
W, else

e WH=W/Tt  ifi#gq
o [t =Ft71

The other conditional moves cmovL, cmovG, cmovGE, are defined similarly by replacing {Less, Equal} above with
{Less}, {Greater}, {Greater, Equal} respectively.

Assumption 1. We only allow a cmovXX<p,q> operation after there has been a cmp<r,s> operation so that the flag
wire is initialized.
F.2 Assembly Zero-One Principle

In this section, we study the conditions allowing to apply the zero-one principle described in Proposition 1 in the context
of classic Sorting Networks to Assembly Sorting Networks.

Proposition 2. The zero-one principle does not hold for Assembly Sorting Networks.

Proof. We exhibit in Table 1 a counter-example program that sorts all binary sequences of length N = 4, but does not
sort the integer sequence (4, 3,2, 1). O
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As a counter-example to the zero-one principle for general Assembly Networks, we provide the following Program 1.

i |movl (%rsi), eax

2 |movl 4(%rsi), ecx

3 |movl 8(%rsi), edx

4 |movl 12(%rsi), edi

5 movl ecx, r8d

6 movl edx, ebx

7 | cmpl edi, r8d

8 cmovle edi, ecx

9 cmovgel edi, r8d

10 cmpl eax, r8d

1 cmovle eax, edi

2 | cmovgel eax, r8d

13 | cmpl ecx, ebx

4+ | cmovgel r8d, ebx

15 cmovle ecx, edx

6 | cmovgel ecx, r8d

17 |movl ebx, (%hrsi)
15 | cmpl edi, r8d

19 |cmovgel edi, ebx

2 |movl ebx, 4(%rsi)
a | cmpl edx, edi

» |cmovgel edx, r8d

»  |movl r8d, 8(%rsi)
» | cmpl eax, edx

25 cmovle eax, edx

% |movl edx, 12 (%rsi)

Listing 1: Length-26 program which sorts binary inputs but not integer inputs.

As we show in the sequel, the reason of this negative result comes from the use of conditional moves, that can fail to
preserve a monotony property in some situations. Consequently, in order to maintain the zero-one principle, we need
to restrict ourselves to a smaller subclass of Assembly Sorting Networks, for which conditional moves are only allowed
in certain places. Our next result characterizes these conditional moves.

Theorem F.1 (Assembly Zero-One Principle). An Assembly Sorting Network such that every conditional move opera-
tion is applied to values that fall within the range of the values of the previous compare operation, satisfies the zero-one
principle.

Formally, consider an Assembly Sorting Network W, let Op® denote any conditional move operation cmovXX<p,q>
in the network, applied at time t on wires p, q, and Op* its latest preceding compare operation cmp<u,v>, where k < t.
If all of the below four conditions are true,

(i) For every Op' = cmovL<p,q>,

m’f < Wk implies W;fl, W;71 € [Wilf? Wy

(ii) For every Opt = cmovLE<p,q>,

Wi > WF implies W)™ Wit e [WF, W)

(iii) For every Opt = cmovG<p,q>,

Wi > Wr implies W, Wit € [WF, W]
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(iv) For every Opt = cmovGE<p,q>,
Wk < Wk implies W;_l, W;_l e Wk, wk,

then W satisfies the zero-one principle.

Proof. The full derivation can be seen in the Appendix F.3. O

This result allows us to exhibit a subclass of Assembly Sorting Networks for which the zero-one principle holds,
which means that their correctness can be efficiently checked using binary sequences only. By making online decisions
about which actions are legal, i.e. whether we should allow or not a cmovXX in the current state, we are guaranteed to
stay in this subclass of verifiable networks. Unfortunately, the four conditions of Theorem F.1 are expressed in terms
of arbitrary values flowing through the network, which means that checking them still requires evaluating this network
on all possible input sequences a € [1, N], which defeats the initial purpose.

Consequently, to provide a practical implementation, we introduce another criterion that can be easily assessed on
binary sequences only, and which we prove to be a sufficient condition for the four properties of Theorem F.1.

Theorem F.2. (Practical implementation) For an Assembly Sorting Network W, consider an arbitrary Op' = cmovXX<p,q>
and the latest preceding Op* = cmp<u,v>. If it holds that, for any binary input sequence b € {0, 1}V

WE[b] = W [b] implies W' [b] = W} [b] = W [b] (1)
then W verifies the four conditions of Theorem F.1, and thus the zero-one principle.

Proof. The full derivation can be seen in the Appendix F.4. O

By restricting the search space, and despite the potential suboptimality that it could introduce, this result enables
us to check the correctness of a sorting program by only testing the set of binary inputs, of size 2%, rather than the set
of integer inputs, of size ordBell(/N). This allows us to scale using a similar computational budget from N = 6 inputs
upto N =8.

F.3 Proof of Theorem F.1

Following Cormen et al. [ 16, Chapter 28.2], we will rely on the notion of monotonically increasing functions. We start
by showing the following lemma.

Lemma F.1. If an Assembly Sorting Network W commutes with any monotonically increasing function f, that is,
W(f(a)] = f(Wlal), Vae[1,N]Y,
then it satisfies the zero-one principle of Proposition 1.

Proof. The proof follows the same steps as that of Cormen et al. [16, Theorem 28.2].

Let W be an Assembly Sorting Network that commutes with any monotonically increasing function f, we will
show by contradiction that it satisfies the zero-one principle. Assume for the sake of contradiction that this principle
does not hold, i.e. W sorts all binary sequences but there exists a sequence a of arbitrary numbers that the network
does not correctly sort: a contains elements a; and a; such that a; < a;, but the network places a; before a; in the
output sequence. We define the threshold function f : # — 1{z > a;}, which is monotonically increasing. Since
the network commutes with f by assumption, and places a; before a; in the output sequence when a is input, it also
places f(a;) before f(a;) in the output sequence when f(a) is input. But since f(a;) = 0 and f(a;) = 1, we obtain
the contradiction that the network fails to sort the binary sequence f(a) correctly.

O

For classic sorting networks, this commutative property was not needed because it was a direct consequence of
sorting binary inputs. This is no longer the case with Assembly Sorting Networks, and we show next that it is now a
consequence of the four conditions enumerated in Theorem F.1.

Proposition 3. Consider an Assembly Sorting Network W that satisfies the conditions of Theorem F.1. Then, W
commutes with any monotonically increasing function f:

W(f(a)] = f(Wla]), Vae[L,N]¥ 2

Proof. We prove this proposition by induction with respect to the number m of operations in the Assembly Network.
We wish to show the following property.
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Property P(m). for any Assembly Network W with m operations,

W™ [f(a)] = f(W™[a]), Vael[l,N]¥ 3)

Base case P(0). The Assembly Network has no operations. Then W is the identity, W°[a] = a, and the property
holds.

Induction:. We assume the P (k) holds for any k& < m,
WF[f(a)] = f(W"[a]) for any Assembly Network W with k& < m operations,

and we wish to prove that P(m) also holds.

Let W be an Assembly Network with m operations, a € [1, N]" an input sequence, and f a monotonically
increasing function. Let us consider the last operation of W: it can be one of cmp, mov, cmovXX. The following
lemmas will deal with each instruction, showing that all of them maintain the commutativity of W™ with respect to
monotonically increasing functions, which concludes the proof. O

N

Lemma F.2. If Op™ = cmp<p,q>, then (3) holds.

Proof. Since cmp<p,q> does not change the values on any wire, other than the flag wire, we have that W™ = W™m~1,
Thus, applying the inductive hypothesis to W™ ~! yields the desired result. O

Lemma F.3. If Op™ = mov<p,q>, then (3) holds.

Proof. For any wire ¢ # ¢, mov<p,q> does not change the value of wire ¢, so again W = VVZ-"“1 and we can conclude
by applying the inductive property. On the other hand, the wire g is changed unconditionally and W = W;"_l. Thus,
by the inductive hypothesis:

W'lf(@)] = W f(@)] = (W, a]) = f(W;"[a])

Lemma F4. If Op™ = cmovL<p,q>, then (3) holds.

Proof. We denote the preceding compare operation as Op® = emp<u,v> where k < m. As before, for all wires i # g,
the values are unchanged, so the commutativity directly stems from the inductive hypothesis for these wires. Let us
now consider the wire q.

By definition of cmovL<p,q>:

g JWET W <k
T\ Wt it Wk > Wk
Applying it to f(a),
i - { @] EWEL @) < WELf @)
! Wt f(@)] if WELf(a)] > WE[f(a)]

By the inductive hypothesis applied to W, this can be rewritten as

Wyt f(a)] i f(Wla]) < f(Wi[a])

W' f(a)] = {W;nl[f(a)] if f(Wk[a]) > f(WF[a])

We consider two cases

Case 1: W/[a] > W¥[a]. Since f is monotonically increasing, f(W/¥[a]) > f(W[a]). Thus,

m m—1 ‘s .
Wit f(a)] = W [f(a)] By definition of cmovL<p,q> applied to f(a)
= f(wy" ~1a)) By inductive hypothesis
= f(W;"[a]) By definition of cmovL<p,q> applied to a
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Case 2: W)¥[a] < Wk[a]. Since f is monotonically increasing, this implies f(Wk[a]) < f(Wk[a)).
If the inequality is strict, f(W}¥[a]) < f(W}[a]), then similarly to case 1:

W lf(@)] = W [f(@)] = fF(Wy" " al) = F(Wg"[a))
Conversely, if the inequality is an equality, f(W¥[a]) = f(WF[a]), then
e f is constant on the interval [W*[a], W¥[a]], since it is monotonically increasing
* the two sequences a and f(a) do not fall into the same case:
we have W[ f(a)] = W' [f(a)] while W™ [a] = W [a]. 4)
This is where the conditions of Theorem F.1 come in. By applying condition (i), we have that W;"_l[a] and

W, a] € [W[[a], WF[a]]. Since f is constant in that interval, we can deduce that these two values are equal, which
yields

W [f(a)] = W= f(a)] By (4)
= f(W;”'—l[a]) By induction hypothesis
= fW " al) Since f is constant on [W*[a], W [a]]
= f(Wy"[a]) By (4)

Lemma F.5. [f Op™ = cmovLE<p,q>, cmovG<p,q> or cmovGE<p,q>, then (3) holds.

Proof. The proofs for each operation is similar to that of Lemma F.4. It involves writing the definitions of W"[a] and
Wi [f(a)], and looking at their respective orders. When it is the same, they both do the conditional move from p to g,
or none of them do, and the inductive hypothesis can be applied to obtain the result. The equality case f(W}¥[a]) =
f(Wk[a]) has to be treated separately, by noticing that f is then constant on that interval, which yields the equality of
W~ [a] and W™~ ![a] by invoking the conditions (ii)—(iv), and enables to conclude the proof. O

F.4 Proof of Theorem F.2

Proof. We are going to show by induction the following property.

Property P(m). Let W be an Assembly Sorting Network of length m which satisfies for any binary sequence b €
{0, 1}
W [b] = W [b] implies Wi~ [o] = W= [b] = W (D] (D

where ¢ < m is the index of any Op, = cmovXX<p,q> and k < ¢ the index of the latest preceding Op,, = cmp<u,v>.
Then, W also satisfies the four conditions of (i)—(iv) of Theorem F.1

Initialization P(1). Any network of length 1 satisfies the conditions of Theorem F.1.

Induction P(m — 1) = P(m). We assume that P(m — 1) holds and prove P(m).
Let W be an Assembly Sorting Network of length m which satisfies for any binary sequence b € {0, 1}V

Wi b = W [b] implies W' [b] = Wit [b] = W [b]

We are going to show by contradiction that the four conditions (i)—(iv) of Theorem F.1 hold.

Consider the subprograms W* for any k < m — 1. They also satisfy the previous equality (1) for any t < m — 1,
so by the inductive hypothesis they satisfy the four conditions of Theorem F.1. In particular, by Proposition 3 they
commute with any monotonically increasing function f:

W*[f(a)] = f(WFa]), Va,Vk<m—1
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Let ¢ be the index of a Op, = cmovXX<p,q>in W. If t < m, applying the inductive hypothesis to the subnetwork
Wm=1 directly yields the desired result that all four properties (i)—(iv) are satisfied, so the only case left to consider
is when ¢ = m: we are adding a conditional move at the end of the network. Let us consider the four conditions
separately, depending on the type of conditional move, and prove each of them by contradiction

Case 1: Op™ = cmovL<p,q>. Assume that the condition (i) if false. Then, we have that W* < Wk but one of
W=t or W1 does not belong to [W}, W}].

* Example case: W} < W} < W~!
Define the monotonically increasing threshold function f : z — 1{z > W;”_l}, and for any input sequence a
consider its binarization b = f(a). Then, we have

Wilb) = Wy[f(a)]

= f(WFa]) Since W* commutes with f
=0 By definition of f
= f(W;a]) By definition of f
= Wr[f(a)] Since W* commutes with f
= W]

Since we assumed (1), this implies that W~ [b] = W,"~*[b] = W[F[b], thatis, W~ [f(a)] = W[ f(a)] =
WE[f(a)]. Since W™~ commutes with f, this implies the contradiction 1 = f(W,"~*[a]) = f(W}]a]) = 0.
Thus, the condition (i) must be true.

* Other cases: We can proceed similarly : whenever one of the values W;”‘l or W;”_l is outside [W}*, W¥],
simply define f as a threshold function that separates this value from the interval, and applying W to f(a) will
lead to the same contradiction in (1).

Cases 2—4: Op™ = cmovLE<p,q>, cmovG<p,q> or cmovGE<p,q>. Again, we can proceed similarly to prove the
conditions (ii)—(iv), respectively. Each time, we have to show that W;"_l and qu_l belong to an interval, and we
can proceed by contradiction as in Case 1, by defining a threshold function f that separates the interval from the value
that is outside of it. Applying this function on the input sequence f will yield a contradiction in (1).

All conditions (i)—(iv) hold, so P(m) is true, which concludes the induction.
O

G Additional programs

In this section, we provide a list of 12 correct sort3, sort4 and sort5 assembly programs discovered by AlphaDev. In
the list, the naming convention is sortX_Y, where X is the number of elements to be sorted and Y is the number of
assembly instructions in this program. As can be seen by the programs, AlphaDev is capable of finding multiple optimal
solutions (e.g., a variant of the sort3 17 instruction program - Sort3_17). In addition, while AlphaDev is trying to find
the optimal sorting program for a given length, it discovers less efficient, but correct programs such as sort3_18 and
sort3_19. In this case, these longer programs have one and two extra mov<A,B> instructions respectively.

e Sort3_17
e Sort3 18

Sort3_19
e Sort3_20

Sort4_28
e Sort4_29
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e Sort4_30

Sortd_31
e Sort5_42
e Sort5_43

Sort5_44
e Sort5_45

/*Copyright 2022 DeepMind Technologies Limited. Licensed under the Apache License,

— Version 2.0 and CC BY 4.0. You may not use this file except in compliance with these
licenses. Copies of the licenses can be found at

https://www. apache.org/licenses/LICENSE-2.0 and
https://creativecommons.org/licenses/by/4.0/legalcode. ¥/

bl

#include <algorithm>
#include <functional>
#include <utility>
#include <vector>

#include <gtest/gtest.h>

void Sort3_17(int* buffer) {
asm volatile(

"mov 0x4(%0), %%r8d \n"
"mov 0x8(%0), %hedx \n"
"mov 0x8(%0), %hecx \n"
"cmp %%r8d, hlhecx \n"
"cmovge %%r8d, %hedx \n"
"cmovl %%r8d, %hecx \n"
"mov %hecx, %hhr8d \n"
"mov (%0), %heax \n"
"cmp %heax, hhr8d \n"
"cmovge %keax, %hr8d \n"
"cmovl %heax, %hecx \n"
"mov %%ecx, 0x8(%0) \n"
"cmp %hedx, %heax \n"
"cmovle Yhedx, %%r8d \n"
"cmovg %hedx, %hheax \n"
"mov %%r8d, 0x4(%0) \n"
"mov %%eax, (%0) \n"

"+r" (buffer)

"eax", "ecx", "edx s llr8dll’ "memory");

}

void Sort3_18(int* buffer) {
asm volatile(

"mov (%0), %%r8d \n"
"mov 0x8(%0), %khedx \n"
"mov %%edx, %hecx \n"
"mov 0x4(%0), %heax \n"
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"cmp %heax, %hhedx \n"

"cmovg %heax, hhedx \n"
"cmovl %heax, %hhecx \n"
"cmp %%r8d, %hecx \n"
"cmovle Y%%ecx, %hr8d \n"
"mov (%0), %heax \n"
"cmovle %keax, hhecx \n"
"cmp %heax, hlhedx \n"
"cmovle Y%%edx, %heax \n"
"mov %%ecx, 0x8(%0) \n"
"cmovle %%r8d, %%edx \n"
"mov %%edx, 0x4(%0) \n"
"mov %%edx, hhecx \n"
"mov %%eax, (%0) \n"

"+r" (buffer)

Ileax s lleCXII , Iledxll s ||r8dll , Ilmemoryll) ;

}

void Sort3_19(int* buffer) {
asm volatile(

"mov 0x8(%0), %hecx \n"
"mov (%0), %%r8d \n"
"mov 0x4(%0), %%edx \n"
"cmp %hedx, %hecx \n"
"cmovle Y%%hecx, %hhedx \n"
"mov 0x8(%0), %heax \n"
"mov 0x4(%0), %heax \n"
"cmovl %heax, %hhecx \n"
"cmp %%r8d, %hecx \n"
"cmovle Y%%hecx, %%hr8d \n"
"mov (%0), %heax \n"
"cmovle Y%eax, %hhecx \n"
"cmp %heax, %hhedx \n"
"cmovle Y%%hedx, %heax \n"
"cmovge %kedx, %%r8d \n"
"mov %%eax, (%0) \n"
"mov %%r8d, 0x4(%0) \n"
"mov 0x4(%0), %hedx \n"
"mov %hecx, 0x8(%0) \n"

"+r" (buffer)

Ileax s llecxll , Iledxll s llr8dll , Ilmemoryll) ;

}

void Sort3_20(int* buffer) {
asm volatile(

"mov (%0), %heax \n"
"mov 0x4(%0), %heax \n"
"mov 0x8(%0), %hecx \n"
"mov %heax, %hedx \n"
"cmp %heax, %hecx \n"
"cmovl %hecx, %hedx \n"
"cmovl %heax, %hecx \n"
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"mov (%0), %heax \n"

"mov %heax, %hhrsd \n"
"cmp %%r8d, hlhecx \n"
"cmovle Y%%hecx, %%hr8d \n"
"cmovl %heax, %hecx \n"
"cmp %hhedx, hheax \n"
"cmp %heax, hhedx \n"
"cmovl %hedx, %heax \n"
"cmovg %hedx, %hr8d \n"
"cmp %hecx, %heax \n"
"mov %%ecx, 0x8(%0) \n"
"mov %%r8d, 0x4(%0) \n"
"mov %kheax, (%0) \n"

"+r" (buffer)

Ileax s lIeCXII , Iledxll s llr8dll , Ilmemoryll) ;

void Sort4_28(int* buffer) {
asm volatile(

"mov (%0), %heax \n"
"mov 0x4(%0), %kecx \n"
"mov 0x8(%0), %%edx \n"
"cmp %heax, %hedx \n"
"mov %%ecx, %hhrod \n"
"mov (%0), %%r8d \n"
"cmovg %hedx, %%r8d \n"
"mov %%r8d, %%kri0d \n"
"cmovg %heax, Yhhedx \n"
"mov 0xc(%0), %heax \n"
"cmp hhecx, hheax \n"
"cmovge %heax, %hrod \n"
"cmovge hhecx, hheax \n"
"cmp %%r10d, %%rod \n"
"cmovge %%r9d, %%r10d \n"
"cmovge %%r8d, %hrod \n"
"mov %%r10d, Oxc(%0) \n"
"mov %hedx, %Ar1Od \n"
"cmp %hedx, hlheax \n"
"cmovge %heax, %hri0d \n"
"cmovge %hedx, %heax \n"
"mov %keax, (%0) \n"
"cmp %%r9d, %AriOd \n"
"mov %%r9d, %hedx \n"
"cmovg %4r10d, %hedx \n"
"mov %%edx, 0x8(%0) \n"
"cmovge %%r9d, %%ri0d \n"
"mov %%r10d, 0x4(%0) \n"

"+r" (buffer)

edx",

eaX", "eCX", n

llr8dll , Ilrgdll s llmemoryll) ;
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void Sort4_29(int* buffer) {
asm volatile(

3

void Sort4_30(int* buffer) {
asm volatile(

"mov (%0), %heax
"mov 0x4(%0), %hecx
"mov %hecx, %%rod
"mov 0x8(%0), %hedx
"mov %heax, %hir8d
"cmp %%r8d, %hedx
"cmovg %hedx, %%r8d
"cmovge %heax, hhedx
"mov 0xc(%0), %heax
"cmp %hecx, hheax
"cmovge %hheax, %hrod
"cmovge %hecx, %hheax
"cmp %%r8d, %%hrod
"mov %%r8d, %%ri0d
"cmovge %%r9d, %Ari0d
"cmovg %hr8d, %%rod
"cmp Yhedx, %heax
"mov %%r10d, Oxc(%0)
"mov %%r9d, 0x8(%0)
"mov %%hedx, %%r10d
"cmovg %heax, %hkr10d
"cmovge %hedx, %heax
"mov %%r9d, %hedx
"cmp %%r9d, %kri0d
"mov %heax, (%0)
"cmovg %4r10d, %hedx
"mov %%edx, 0x8(%0)
"cmovge %%r9d, %kriOd
"mov %%r10d, 0x4(%0)
"+r" (buffer)

"eaX", llecxll, "edX",

"mov 0x4(%0), %kecx
"mov 0x8(%0), %hedx
"mov (%0), %heax
"cmp %heax, %hhedx
"mov %heax, %%r8d
"mov (%0), %heax
"cmovg %hedx, %hr8d
"cmovge %heax, hhedx
"mov O0xc(%0), %heax
"cmp %hecx, hheax
"mov %hecx, %%krod
"cmovg %heax, %%rod
"cmovge %heax, %hhrod
"cmovg %hecx, %hheax
"cmp %%r8d, %%krod
"mov %%r8d, %%ri0d

\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"

||r8d|| , Ilrgdll s

\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"

"memory") ;
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}

void Sort4_31(int* buffer) {
asm volatile(

"cmovge %%r9d, %%ri0d
"mov %%r10d, Oxc(%0)
"cmovg %%r8d, %hrod
"mov %%edx, %%ri0d
"cmp %hedx, %heax
"cmovge %heax, %hriOd
"cmovge %hedx, %heax
"mov Y%%eax, (%0)
"cmp %%r9d, %kri0d
"mov %%r9d, %hedx
"cmovge %%kr1l0d, %lhedx
"mov %%edx, 0x8(%0)
"cmovge %%r9d, %kr10d
"mov %%r10d, 0x4(%0)
"+r" (buffer)

IleaX" s

"mov (%0), %heax
"mov 0x4(%0), %kecx
"mov 0x8(%0), %hedx
"mov (%0), %heax
"cmp %heax, %hhedx
"mov %heax, %hr8d
"cmovg %hedx, %%r8d
"cmovge %hheax, %hhedx
"cmp %hecx, %hheax
"mov O0xc(%0), %heax
"cmp %hecx, hheax
"mov %hecx, %%rod
"cmovg %heax, %%rod
"cmovge %heax, %hrod
"cmovg %hecx, %hheax
"cmp %%r8d, %%hrod
"mov %%r8d, %%ri0d
"cmovge %%r9d, %%ri0d
"mov %%r10d, Oxc(%0)
"cmovg %kr8d, %%rod
"mov %%hedx, %%r10d
"cmp %hedx, %heax
"cmovge %heax, %hriOd
"cmovge %hhedx, %heax
"mov %%eax, (%0)
"cmp %%r9d, %kri0d
"mov %%r9d, %hedx
"cmovge %%r10d, %lhedx
"mov %%edx, 0x8(%0)
"cmovg %4r9d, %%ri0d
"mov %%r10d, 0x4(%0)
"+r" (buffer)

"ecx" s "edx" R

\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\nll
\n"

||r8dll , Ilrgdll s

\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"

"memory") ;
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Ileax s "eCX" , Iledxll s ||r8dll , Ilrgdll s llmemoryll) ;

3

void Sort5_42(int* buffer) {
asm volatile(

"mov (%0), %heax \n"
"mov %heax, hhecx \n"
"mov 0x4(%0), %%edx \n"
"cmp %hedx, %heax \n"
"cmovg %hedx, %hheax \n"
"cmovl %hedx, %hecx \n"
"mov 0x8(%0), %kr8d \n"
"mov O0xc(%0), %%rod \n"
"mov %%r8d, %%riod \n"
"cmp %%r9d, %%ri0d \n"
"cmovl %%r9d, %%riod \n"
"mov 0x10(%0), %%edx \n"
"cmovge %%r9d, %%r8d \n"
"mov %%r8d, %%rod \n"
"cmp %heax, %%rod \n"
"cmovge %heax, %hr8d \n"
"cmovge %%r9d, %heax \n"
"cmp %%hedx, %kr10d \n"
"mov %jhedx, %%rod \n"
"cmovg %%r10d, %kedx \n"
"cmovg %%r9d, %%r10d \n"
"cmp %%r9d, %%Ar8d \n"
"cmovle %%r8d, %%rod \n"
"cmovle %%r10d, %%r8d \n"
"mov %%r9d, (%0) \n"
"cmp %hecx, %%kri0d \n"
"cmovge %hecx, %hr8d \n"
"cmovl %hecx, %hAri0d \n"
"cmp %heax, %h%réd \n"
"mov %heax, %hrod \n"
"cmovge %%r8d, %heax \n"
"cmovg %krod, %%r8d \n"
"mov %%r8d, 0x4(%0) \n"
"cmp %%r10d, %hedx \n"
"cmovle %kedx, %%r10d \n"
"cmovge %hkhedx, %hhecx \n"
"mov %%ecx, 0x10(%0) \n"
"cmp %hheax, %hhriOd \n"
"cmovl %%ri10d, Y%Y%eax \n"
"cmovge %%r10d, %krod \n"
"mov %heax, 0x8(%0) \n"
"mov %%r9d, Oxc(%0) \n"

"+r" (buffer)

IleaXll s llecxll , IledX" s ||r8d|| , Ilrgdll s llrlodll , Ilmemoryll) ;

3

void Sort5_43(int* buffer) {
asm volatile(
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}

"mov (%0), %heax
"mov 0x4(%0), %hecx
"cmp %%heax, %hhecx
"mov Y%%eax, %hedx
"cmovl %hecx, %hedx
"cmovg %hecx, %hheax
"mov Oxc(%0), %kr8d
"mov 0x10(%0), %%ecx
"cmp %%r8d, %hecx
"mov %%r8d, %%rod
"cmovl %hecx, %hrod
"cmovg %hecx, %hrdd
"mov 0x8(%0), %%ri0d
"emp %%r10d, %%rsd
"mov %%r10d, %hecx
"cmovl %%r8d, %hecx
"cmovle %%r10d, %%r8d
"cmp %hecx, %h%rod
"cmovle %%r9d, %%ri0d
"cmovg %4Ar9d, %hecx
"cmp Yheax, %hr8d
"mov %heax, %Arod
"cmovl %%r8d, %%rod
"cmovle %heax, %%hr8d
"cmp %%hedx, %hecx
"mov Y%%edx, %%heax
"cmovl %hecx, %heax
"cmovle Y%edx, %hecx
"mov %%Ar8d, 0x10(%0)
"cmp %%heax, %hri0d
"cmovle %%r10d, %hedx
"mov %%edx, (%0)
"cmovg %krl0d, %heax
"cmp %%r9d, hlhecx
"mov %%krod, %%r8d
"cmovl %hecx, %hr8d
"cmovle %%r9d, %hecx
"mov %%ecx, 0xc(%0)
"cmp %%r8d, %heax
"cmovle %heax, %hrod
"mov %%r9d, O0x4(%0)
"cmovg %heax, %hr8d
"mov %%r8d, 0x8(%0)
"+r" (buffer)

IleaXIl s n edX"

e(:)(ll , n

void Sort5_44(int* buffer) {

asm volatile(

"mov (%0), %heax

"mov 0x4(%0), %hecx
"mov Oxc(%0), %%rod
"mov 0x10(%0), %%r10d

\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\nll
\n"
\n"
\n"

llr8dll Ilrgdll

\n"
\n"
\n"
\n"

"ri104" s "memory") ;
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"mov Y%%eax, %%rsd \n"

"mov 0x8(%0), %%edx \n"
"cmp %heax, %hecx \n"
"cmovle Y%%hecx, %%hr8d \n"
"cmovle Y%%eax, %hecx \n"
"mov Oxc(%0), %heax \n"
"cmp %%r9d, %%r10d \n"
"cmovg %Ar10d, %%krod \n"
"cmovle %%r10d, %heax \n"
"cmovle %%r9d, %%ri0d \n"
"cmp %hhedx, %hAr1Od \n"
"cmovg %hedx, %%rod \n"
"cmovl %%edx, %%r10d \n"
"cmp %heax, %hedx \n"
"cmovle Y%%eax, %hrod \n"
"cmovge %heax, hhedx \n"
"mov %%edx, 0x4(%0) \n"
"mov %%ecx, hheax \n"
"cmp Yhecx, %hri0d \n"
"cmovge %%r10d, %hecx \n"
"cmovle %%r10d, %heax \n"
"mov %%ecx, 0x10(%0) \n"
"mov %%r8d, %hhecx \n"
"cmp Yhecx, %khrod \n"
"cmovle %%r9d, %hecx \n"
"mov %%eax, %lhri0d \n"
"cmovl %%r8d, %%r9d \n"
"cmp %%hedx, %%r8d \n"
"cmovge %hedx, %%hr8d \n"
"cmovle Y%edx, %%hecx \n"
"ecmp %heax, %%rod \n"
"cmovl %%r9d, %%ri0d \n"
"mov %%r8d, (%0) \n"
"cmovl %heax, %hrod \n"
"cmp %heax, hlhedx \n"
"cmovl %hecx, %heax \n"
"cmovg %hecx, h%krl0d \n"
"mov %%eax, 0x4(%0) \n"
"mov %%r10d, 0x8(%0) \n"
"mov %%r9d, Oxc(%0) \n"

"+r" (buffer)

Ileax s lIeCXII , Iledxll s llr8dll , Ilrgdll s llrlodll , Ilmemoryll) ;

}

void Sort5_45(int* buffer) {
asm volatile(

"mov (%0), %heax \n"
"mov 0x4(%0), %kr8d \n"
"mov O0xc(%0), %krod \n"
"mov %%r8d, %hecx \n"
"mov 0x10(%0), %%ri0d \n"
"mov 0x8(%0), %kedx \n"
"cmp %hheax, %hhr8d \n"
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"cmovg %heax, %hr8d
"cmovle %%eax, hhecx
"mov %%ecx, 0x4(%0)
"cmp %%r9d, %kri0d
"mov %%r8d, (%0)
"mov %%r9d, %%eax
"cmovle %%r10d, %heax
"cmovl %%r9d, %%ri0d
"cmovge %%r10d, %%rod
"cmp %hedx, %%hrod
"cmovle %%edx, %%r10d
"cmovg %hedx, %hrod
"cmp Yheax, %hedx
"cmovle Y%%eax, %%hrod
"cmovg %heax, %hedx
"cmp %hecx, %hkrlOd
"mov %%rl10d, %leax
"cmovge %hecx, %krl0Od
"cmovl %hecx, %heax
"mov %%r9d, %%ecx
"cmp %%r8d, %%krod
"mov %keax, 0x10(%0)
"cmovl %%r8d, %%r9d
"cmovg %Ar8d, hhecx
"mov %%r10d, %heax
"cmp Yheax, %hrod
"cmovle %%r9d, %%ri0d
"cmovle Y%%eax, %hrod
"cmp %%r8d, hhedx
"mov %%r9d, O0xc(%0)
"cmovl %%hedx, %%r8d
"cmovge %hedx, hhecx
"mov %%r8d, (%0)
"cmp %heax, hhecx
"cmovge %hecx, %hri0d
"mov %%r10d, 0x8(%0)
"cmovl %hecx, %heax
"mov %heax, 0x4(%0)
"+r" (buffer)

\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"
\n"

s llr8d|l , Ilrgdll s llrlodll , Ilmemoryll) ;
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