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RoPE - Rotary Position Embedding
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B Attention is All You Need[1]/H)'5 5|

In this work, we use sine and cosine functions of different frequencies:

PE(;DGS,Q?:) = Siﬂ(pOS/lOOOOZi/dmode])
PE(pos,2i+1) — COS (pos/l(][)(][]%/dmodel)

where pos is the position and ¢ is the dimension. That is, each dimension of the positional encoding
corresponds to a sinusoid. The wavelengths form a geometric progression from 27 to 10000 - 27. We
chose this function because we hypothesized it would allow the model to easily learn to attend by
relative positions. since for any fixed offset £, P L), can be represented as a linear function of
PEpos. HMABEEFEBTET DAL LR

We also experimented with using learned positional embeddings [9] instead, and found that the two
versions produced nearly identical results (see Table 3 row (E)). We chose the sinusoidal version
because it may allow the model to extrapolate to sequence lengths longer than the ones encountered

during training. FBEDOEAELDBEVNEIMETEE A U 0D
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= RoFormer: Enhanced Transformer with Rotary Position Embedding[z]b\’S%U :

In this paper, we introduce a novel method, namely Rotary Position Embedding(RoPE), to leverage the positional
information into the learning process of PLMS. Specifically, RoPE encodes the absolute position with a rotation matrix
and meanwhile incorporates the explicit relative position dependency in self-attention formulation. Note that the
proposed RoPE is prioritized over the existing methods through valuable properties, including the sequence length
flexibility, decaying inter-token dependency with increasing relative distances, and the capability of equipping the
linear self-attention with relative position encoding. Experimental results on various long text classification benchmark
datasets show that the enhanced transformer with rotary position embedding, namely RoFormer, can give better
performance compared to baseline alternatives and thus demonstrates the efficacy of the proposed RoPE.

[Bl#ER1 T (C KD TSelf-attentionDEt&E (CHHIIEZHAHADH D
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A. ALiBilZAttentionDZEEFFZHIRIT IO S5HAFED LS

= Dissecting Transformer Length Extrapolation via The Lens of Receptive Field

Analysis [6]

o ALBIZ{ED & AttentionDRZEEFHVHIR = H1Sliding Window AttentiondD K D (C12D
o IR\MKIFEIMRICH DEFBEDBHNMMESNIRNVAIEEMEN DD

qaky 0

gak,y
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Figure 1: ALiBi. For a transformer language model
with H attention heads, the range of h is n - %, where
n = {1...H}. Left = self-attention matrix, right =
temporal biases matrix.
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Figure 2: Windowed Attention. This is the same de-
sign as Longformer (Beltagy et al., 2020). We limit the
context window size to w = 2 in this example. Left =
self-attention matrix, right = temporal biases matrix.
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Figure 2: Heatmap of scaled attention scores via softmax normalization in ALiBi without non-
overlapping inference. The vertical axis represents the query, while the horizontal axis corresponds
to the key in the attention map. For clarity, values of 0.001 or more are mapped to black, while values
below that are mapped to yellow. The maximum allowable length of sequences is Lyain = 512, and
the inference length is 1012.
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Figure 2: Heatmap of scaled attention scores via softmax normalization in ALiBi without non-
overlapping inference. The vertical axis represents the query, while the horizontal axis corresponds
to the key in the attention map. For clarity, values of 0.001 or more are mapped to black, while values
below that are mapped to yellow. The maximum allowable length of sequences is Ly, = 512, and
the inference length is 1012.
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IREFiE : Wavelet-based Positional Representation
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= Wikitext1035-—412w NDPerplexity(PPL) T 5
o EDEDIREFMIRESICHEVWTERBIEREFEDPPLMEL)
e  RoPE(&Sliding WindowZ{E D WMENDIRWNTIMELU T E S DEEENAS < EIRD

o NOPEIRRIITEIBHNTIFIR=ZED

Table 1: Perplexity of validation set in extrapolation experiments using Wikitext-103. Maximum
allowable lengths of sequences in pre-training are Liyain = 912 and Ly, = 1024,

Sequence Length
Ltrain = 512 Ltrain = 1024
SIiding WindOW(S=512) pos 128 256 512 1012 1512 2512 1024 1524 3024 5024
> CPPLEZETE Perplexity in Non-overlapping Inference with Lty4in
NoPE(Kazemnejad et al., 2023) - 26.38 23.23 21.53 21.52 21.53 21.53 20.81 21.52 21.49 21.45
ROPE (Suetal., 2021) abs 23.82 2098 19.39 19.35 19.39 19.38 18.42 19.51 19.52 19.48
ROPE (Xiong et al., 2024) abs 23.81  20.95 19.35 19.32 19.35 19.33 18.50 | 19.53 19.54 19.50
Trans-XL (Dai et al., 2019) rel 2416  21.53 19.96 19.92 19.93 19.96 18.67 19.75 19.74 19.70
_ALBiPressetal, 2022 el _ 2418 2132 1969 | 1964 _ 1060 _ 1964 1866 1964 1965 1962
Slidin g window% 'fﬁb? Wavelet(Ricker) rel 23.64 20.82 19.19 19.15 19.17 19.20 18.26 | 19.30 19.34 19.26
PPLZ:1E Perplexity without Non-overlapping Inference
NoPE(Kazemnejad et al., 2023) - 2638 2323 2153 | 21.03 21.58 48.48 20.81 2045 2211 59.37
ROPE (Suetal., 2021) abs 23.82 2098 1939 | 23.25 44.38 93.94 18.42 1829  33.20 122.52
ROoPE (Xiong et al., 2024) abs 23.81 20.95 19.35 23.70 40.39 77.90 18.50 18.30 29.25 83.43
Trans-XL(Dai et al., 2019) rel 2416  21.53 19.96 19.09 18.92 19.05 18.67 18.25 18.17 18.76
_ ALiBi(Pressetal, 2022) rel 2418 2132  19.69 | 1871 1842 1841  18.66 | 18.14 1786  17.88
Wavelet(Ricker) rel 23.64 2082 19.19 | 18.23 18.00 17.99 1826 @ 1713 17.14 17.44
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- FEBORAERsS12, HHEFFORT1024 TIMEL T2 & E DAttention Map

ALIBiI . RoPE . Wavelet

Figure 3: Heatmap of scaled attention scores via softmax normalization in 4th head after softmax
operation without non-overlapping inference. The vertical axis represents the query, while the hor-
izontal axis corresponds to the key. For clarity, values of 0.001 or more are mapped to black, while
values below that are mapped to yellow. The maximum allowable length of sequences in pre-training
is Lirain = 512 and the inference length is 1012. See Appendix A.12/for other heads.
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Sequence Length

— — naw Lirain = 512 Lirain = 1024
075 —— Morlet
050 Gaussian pos 128 256 512 1012 1512 2512 1024 1524 3024 5024
N :Z /\\/f\ Perplexity in Non-overlapping Inference with Ly 5in
0231 M NoPE(Kazemnejad et al | 2023) - 2638 2323 2153 2152 2153 21.53 2081 21.52 2149 2145
050 RoPE : abs 23.82 20.98 19.39 19.35 19.39 19.38 18.42 19.51 19.52 19.48
075 RoPE g abs 23.81 20.95 19.35 19.32 19.35 19.33 18.50 19.53 19.54 19.50
-1.00 ‘ ‘ ‘ ‘ . Trans- rel 2416 21.53 19.96 19.92 19.93 19.96 18.67 19.75 19.74 19.70
@ e d ALBiPesadl202) w2418 2132 1969 1964 1969 1964 1866 1964 1965 1962
Wavelet(Ricker) rel 23.64  20.82 19.19 1915 19.17 19.20 1826 1930  19.34 19.26
Perplexity without Non-overlapping Inference
NOPE(Kazemnejad etal2023) - 2638 2323 2153 21.03 2158 4848 2081 2045 2211 5937
RoPE abs 23.82 20.98 19.39  23.25 44.38 93.94 18.42 18.29  33.20 122.52

RoPE abs  23.81 2095 1935 2370  40.39 7790 1850 1830 2925  83.43
Trans- rel 2416 2153 1996  19.09  18.92 19.05 18.67 1825 1817 1876
ALiBi rel 2418 2132 19.69  18.71 18.42 18.41 18.66  18.14 17.86  17.88

"~ Wavelet(Ricker) T 7 Trel 2364 2082 19.19 1823 © 18.00  17.99 1826 1713 17.14 1744
Haar (Fixed scale) rel 24.98 22.07 20.49 51.61 116.87 299.26 - - - -
Haar rel 2373  20.89 1927 1834  18.11 18.17 - - - -
Morlet rel 2415 2128 1965  19.02 2046 26.56 - - - -
Gaussian rel 2377 2090 1930  18.31 18.02 17.88 - - - -

B GaussianX— XD T—JL v MNMIBEZES
B HaarCROU —I)LZETEYT D EMEENTHD
(=ROPEDIFTT—TLw hEHE UTIFZTAY Y F THDOJEEMH)

B MorletdD K D (CRIEEN SV VRIS EREN YD
(=Transformer-XLTEHEASN TV IHEM B (CIEEZFEDSDIEIZAR Y F TH DAl HEM)
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Table 3: Perplexity of validation set in extrapolation experiments using Wikitext-103. Maximum
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allowable length of sequences in pre-training is Ly, = 912.

©) NTT

Sequence Length

scale a shift b 128 256 512 1012 1512 2512
Perplexity without Non-overlapping Inference
Ricker o L {0,1,2,...,15}  23.64 2082 19.19 1823  18.00 17.99
Ricker fol o2 . 9% {0,1,2,...,15} 2377 2089 1925 1823  17.97 18.02
Ricker {0%. 5%, 54y {0,1,2,...,15} 2392 21.03 1940 184l 18.14 18.07
Ricker {of al-8 gl {0,1,2,...,31} 239 2113 1955 1887 1940 2173
Ricker T {0,1,2,...,63} 2449 2160 1995 2090 3201 70.80
Ricker s o ! L TR | 2374  20.88  19.24  18.22 17.96 17.84
Ricker 3.8 .. 001 {0,1,2,3} 2375 2086 1926 1824  17.96 17.84
Ricker {an .l B {0,1} 2375 2088 1930 1831  18.04 18.02
Ricker Jom ot . Siar] {0} 2397 2110 1946 1850  18.27 18.29
Ricker fary {0,1,2,...,127} 2435 2145 1980 2068 2087  21.31
" Gawssian  {20,21,...727}  {0,1,2,..,15} 2377 2090 1930 1831 1802  17.88
Gaussian  {2',2%... 2%} {0,1,2,...,15} 2392 2102 1941 1841 1815 18.01
Gaussian fa0 0%, 07} {0,1,2,...,15} 2398 21.09 1946 1843  18.13 17.93
Gaussian  {2°,2',2% 2%} {0,1,2,...,31} 2383 2996 1933 1843 1840 18.94
Gaussian {29, 211 {0,1,2,...,63} 2428 2135 1970 1896  19.63  23.14
Gaussian  {29,2!...,2!%} £0,1,8, .., 1} 2372 2086 1924 1824 1795 17.77
Gaussian  {29,2'...,2%1} A 2378 2092 1929 1830  18.01I 17.85
Gaussian  {2°,2..., 293} {0,1} 2386 2098 1937 1846 1820 18.10
Ganssian’ {2°,2%...,2197}) {0} 2421 2131 1968 1871 1845 18.45
Gaussian {2"} {0,1,2,...,127} 2448 21.62 2005 1953 22.63 3523
" Haar - T T - T 2498 22.07 2049  51.61 11687 299.26

Haar et .2ty {0,1,2,...,15} 2373 2089 1927 1834  18.11 18.17
Morlet {2°2*,...,2"}  {0,1,2,...,15} 2415 2128 1965 19.02 2046  26.56

43



Attention MapMDiEM D4

n=1 n=2 n=4

10

Detroit Red Wings of the National Hockey League </s> </s>== F|Im grap
</s> = ... Thirteen Years Later = </s> </s>" ——————————————— . <Js> </s> = = Plot = = </s> </s> Federal Bureau of Investigation
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Figure 7: Heatmap of attention score e;; after softmax operation for the proposed method. The
maximum sequence length is L,,,,, = 512, and the sequence length at inference is L = 1012. From
left to right, n = 1, 2, 4th heads are shown. Scores above 0.01 are mapped in black and the rest in
yellow. Words that were always given attention in all heads are shown in red, and words that were
frequently given attention only in the n = 2nd head are shown in blue. Sentences are omitted in the
middle because they are long with 1012 tokens.
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Table 2: Perplexity in Non-overlapping Inference with L., = 4096.
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Sequence Length

4k 8k 16k 32k
ROPE (Xiong et al., 2024) 9.45 9.33 9.12 8.90
Wavelet 9.00 9.01 883 8.60
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Figure 11: Evaluation results using LongBench(Bai et al., 2024). We evaluated the model pretrained
in Section 7. The scores of the difference between the model using the proposed method, which
uses wavelet-based position representation, and the model using RoPE are shown. The tasks were
evaluated using the dataset, which contains relatively long sentences.
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