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Colossal AIFE5H1T

. L. SCIR _E ColossalAl {257 Ring-Allreduce EASCH] |, 1@1d RingQK #1
Sequence Parallelism: Long Sequence Training from . o _
System Perspective RlngAV Wi*q]]:l—g—j\j_ Et%im}%_ﬁl.]#?j—o

Shenggui Li'> Fuzhao Xue!?! Chaitanya Baranwal' Yongbin Li'  Yang You'
!Department of Computer Science, National University of Singapore

Abstract | , l ﬂ ]
Transformer achieves promising results on various tasks. However, self-attention | y

suffers from quadratic memory requirements with respect to the sequence length.

Existing work focuses on reducing time and space complexity from an algorithm |

perspective. In this work, we propose sequence parallelism, a memory-efficient

parallelism method to help us break input sequence length limitation and train |

with longer sequences on GPUs efficiently. Our approach is compatible with most

existing parallelisms (e.g., data parallelism, pipeline parallelism and tensor par- |

allelism), which means our sequence parallelism makes 4D parallelism possible.
More importantly, we no longer require a single device to hold the whole sequence.

Layer 1

l_4_l

That is, with sparse attention, our sequence parallelism enables us to train trans- Micro Batch 1 | A This “ is | sequence parallel ﬂ
former with infinite long sequence. Specifically, we split the input sequence into , . 2
multiple chunks and feed each chunk into its corresponding device (i.e., GPU). Micro Batch 2 | We ’ are H using it l

To compute the attention output, we integrated ring-style communication with
self-attention calculation and proposed Ring Self-Attention (RSA). Experiments
show that sequence parallelism performs well when scaling with batch size and
sequence length. Compared with tensor parallelism, our approach achieved 13.7 x (c) Sequence parallelism (Ours)

and 3.0x maximum batch size and sequence length respectively when scaling up

to 64 NVIDIA P100 GPUs. With sparse attention, sequence can handle sequence ) ) ) ..

with over 114K tokens, which is over 27x longer than existing sparse attention Figure 1: The overall architecture of the proposed sequence parallelism and existing parallel ap-

works holding the whole sequence on a single device. proaches. For sequence parallelism, Device 1 and Device 2 share the same trainable parameters.
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B NPU {RF—{7 sub Seq , (BE Q/K/V BIITEBEEENTERY Seq ENBIN ;
A FARing All-Reduce fE&XIE(S iter B , BfE(EHIT

NPU BIFFHE0E,

[~ — ——— —
=| Device 1 | Query Key Value QK’\P‘ Ou+p+t |
[ T T T pr— p—— — —— f— 1 [ T T pr— p— — — p—— 1
| Device 4 | Query Key Value QK "J[l‘ u p+t | | Device 2 | Query Key Value CDl#"T Ou p+t |
[ 7T pr— p— — — f—— 1
| Device3 | Query Key Value QKAT] | Ou p+t |<—

(a) Transmitting key embeddings among devices to calculate attention scores

ZOMI
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RingQK 1Z#2

NPUI #2207 NPU4 9 Key , IT8 NPUI & NPU4 19 QKT
NPU2 #2407 NPUI B9 Key , 118 NPU2 & NPUI 9 QKT

N-1 14 iter [ , BB NPU #8E5E QKT 558 |, 58— IX RingQK 178,

[ 7T T T qr— p—— — — f— 1
g Device 1 | Query Key Value QKAT Ou+p+t |
[ T T T pr— p—— — —— f— 1 [ T T pr— p— p— —— f—— 1
| Device 4 | Query Key Value QK"J[I‘ u p+t | | Device 2 | Query Key Value Ql#"T Ou p+t |
[ 7T pr— p— — — f—— 1
| Device3 | Query Key Value QKAT | | Ou p+t |<—

(a) Transmitting key embeddings among devices to calculate attention scores
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RingAV 13%E

13 FRITE Attention Scores , JE1Y Ring All-Reduce EX1TE S NPU AY Attention Prob * Value ;
5 RingQK HHREBNITELZEE , & NPU EMEHITE Value , 15EIRZ0YMEIE ;

[ T T r— p— —— —— — 1
—>| Device 1 | Query Key Value QKAT | | Out p+t |
S . A
[ 1 [ 1
| Device 4 | Query Key Value dbk "Tl‘ u p+t | | Device 2 | Query Key Value QKAT| | Out p+t |
[ 7 pre— p— — —— f— 1
| Device3 | Query Key value | [QKAT| [ Output -

(b) Transmitting value embeddings among devices to calculate the output of
attention layers
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Table 1: MLP block memory usage comparison. M1 means the matrix before linear layer, and M2 is

the trainable matrix of linear layer.

GEMM M1 M2 output Memory
Tensor parallelism Ist linear (B, L,H) (H, % (B, L, %) 3912 . ABLH \ BLE
2nd linear (B, L, E) (E, H) (B,L,H) N N
N N
_ lstlinear (B, 2 H) (H,4H) (B, L2, 4H) ,  5BLH
Sequence parallelism ]E ]I\j 32H? + ~
2nd linear (B, N’ 4H) (4H,H) (B, N’ H)
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Attention Block ATRITE AR,

Table 2: Multi-head attention block memory usage comparison

Operation M1 output Memory
Q/K/V (B,L,H) (B, ,A)

TI;ZI;Z?lrelism QKT B, 1% L, A) (B, E L) 16AZH " 4BLZA
AV B, 2 11 (B, 1%1 A) +BZNL2 +BLH
Linear (B, g, L,A) (B,L,H)
QIK/V (B, <, H) (B,2, 2, A)

Spi‘i‘a‘ﬁﬁflim Ring-QKT (B,Z, ;,A) (B, Z, E,L) 16AZH + 4BZLA
Ring-AV  (B,Z, %,L) (B,ZL, %,A) BZNL2 + BII\‘IH
Linear (B, Z, N’A) (B, N,H

» ZOMI
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|, LayerNorm F[] Dropout BYITE#HFHEZE T2 NPU £, B TITHRERIEBEIVREE ;
2. LayerNorm #[] Dropout Fi=4ERVENHE R TRER] 71 NPU £, HH—2K 7 EFFFE ;

\ 4 \ / \ a
sl | £ | I | = B |
< | | | ! 9 < | =
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9| | || 3 | W= o | | c c
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3| | I | B | | 3| | | | |
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Sequence: : Tensor : : Sequence | : Tensor | | Sequence
Parallel | |\ Parallel ) \ Parallel /} \ Parallel /’ '\ Parallel
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FIIHTIRE : SINE(S

Megatron|/2 : Transformer Core TP FHIE[A] 2x All-reduce + f5[A 2x All-reduce ZHfY;

Megatron 3 : XJ TP+SP , 2x All-reduce A~51& , N TWEETES NPU SP iaiHHZE RN All-Gather ; H{E TP FFELER
a{&EN SP & , 46 Reduce-Scatter B+ ; HAP , g {X3FRBU[A All-Gather , }il'"_lreduce scatter , g WExzZ. HEILL TP
+ SP & 4x All-Gather + 4x Reduce-Scatter,

\ 4 \ / \ 4 X (
| |
21 B 1 BE 20l | i h=
Iy BREIN- W 2 L MLI5 .95 LB.S
16 HEAEE *"g@@ 16 A EEIE ‘lb'g@@':’
S| | I 3 B | L= o | . = 2! c
= —+ — = | ]| =
3| | 1| & | | 3| | ' | |
| | | | | | | |
Sequence: : Tensor : : Sequence | : Tensor | | Sequence
Parallel ) . Parallel ) \_ Parallel /} \_ Parallel /’ '\ Parallel
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We detail g and g’s derivation using the MLP block. In the non-parallel form, as shown in Figure
2, the layer-norm followed by the MLP block can be formulated as:

Y = LayerNorm(X),
Z = GeLU(Y A),

W = ZB,

V' = Dropout(W),

where X is input to the layer-norm with size s X b X h and A and B are the weight matrices of the
linear layers with size h x 4h and 4h X h, respectively. The combined tensor and sequence parallel form
of the above operations is shown in Figure 6. The subscripts represent splitting among accelerators
and superscripts depict the dimension along which the splitting is done. For example, X7 is the first
accelerator’s part of X that is split along the s dimension (sequence dimension) while Z% is the second
accelerator’s part of Z that is split along the h dimension (hidden dimension).

= ZOMI 16  Course https://chenzomil 2.sithub.io/
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then parallelizing in the sequence dimension, we combine these two operations into a reduce-scatter
operation. As a result, g can be a single reduce-scatter operation in the forward pass. Putting it all
together, we arrive at:

¥7’,Y5'] = LayerNorm([X7, X3]),
Y = g( 1S’Y28)7
(Z], Z2] = [GeLU(Y AS), GeLU(Y AS)],
Wi = Z'B] and W, = Z}B?,
[W?, W3] = g(Wi, Wa),
[V, V5] = [Dropout(W7), Dropout(W5)].

(3)

If we follow a similar break-down for the backward pass, we find that g and g are conjugate of each
other. g is an all-gather in the forward pass and a reduce-scatter in the backward pass, and g is a
reduce-scatter in the forward pass and an all-gather in the backward pass. A similar breakdown done
for the layer-norm followed by the attention part of the transformer layer arrives at Figure 5.

s ZOMI 18  Course https://chenzomil 2.github.io/
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FHUFHITEEM

args.tensor_model_parallel_size == 1:
args.sequence_parallel =

LanguageMode lEmbedding (Megat ronModule) :
forward(self, input_ids: Tensor, position_ids: Tensor, tokentype_ids: int =
else:
assert self.tokentype_embeddings

if self.config.fp32_residual_connection:
embeddings = embeddings.float()

if self.config.sequence_parallel:
embeddings = t llel.scatter_to_sequence_parallel_region(embeddings|

self.config.clone_scatter_output_in_embedding:
embeddings = embeddings.clone()

ith t r llel.get_cuda_rng_tracker().fork():
embeddings = self.embedding_dropout(embeddings)

embeddings = self.embedding_dropout (embeddings)

return embeddings

seq/sq/sk = B\ seq len, e.g. 2048
np=E P NPU FAY Head (& , eg. 8

hn = B Head fitHAY Hidden Size , e.g. 64
hp = 1 NPU _E Attention i hidden Size , e.g. 1024/2 =512
h = Tranformer Layer Hidden Size , e.g. 1024

GPT_ARGS="

——num-layers 24 \
——hidden-size 1024 \
——num-attention-heads 16 \
——seg-length 1024 \

——max—position-embeddings 1024 \
——micro-batch-size 4 \
——global-batch-size 8 \

—1r 0.00015 \

——train-iters 500000 \
——1lr-decay-iters 320000 \
——1lr-decay-style cosine \
——min-1r 1.0e-5 \

——weight-decay le-2 \
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args.tensor_model_parallel_size == 1:
args.sequence_parallel =

LanguageMode lEmbedding (Megat ronModule) :
forward(self, input_ids: Tensor, position_ids: Tensor, tokentype_ids: int =
else:
assert self.tokentype_embeddings

if self.config.fp32_residual_connection:
embeddings = embeddings.float()

if self.config.sequence_parallel:
embeddings = t llel.scatter_to_sequence_parallel_region(embeddings|

self.config.clone_scatter_output_in_embedding:
embeddings = embeddings.clone()

ith t r llel.get_cuda_rng_tracker().fork():
embeddings = self.embedding_dropout(embeddings)

embeddings = self.embedding_dropout (embeddings)

return embeddings

FJFF sequence-parallel ECE

Embeddings X7 input 14T word embedding , it shape [s, b, h]
XJword embeddings {7 sequence parallel 71T

GPT_ARGS="

——num-layers 24 \
——hidden-size 1024 \
——num-attention-heads 16 \
——seg-length 1024 \
——max—position-embeddings 1024 \
——micro-batch-size 4 \
——global-batch-size 8 \
—1r 0.00015 \
——train-iters 500000 \
——1lr-decay-iters 320000 \
——1lr-decay-style cosine \
——min-1r 1.0e-5 \
——weight-decay le-2 \
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LanguageMode lEmbedding (MegatronModule)
forward(self, input_ids: Tensor, position_ids: Tensor, tokentype_ids: int =

self.config.sequence parallel
embeddings = .scatterLto_sequence_parallel_reglun(embeddlngm

catterToSequenceParallelRegion(torch.autograd.Function):
Split the input and keep only the corresponding chuck to the rank."""

@staticmethod
symbolic( , input_):
_split_along_first_dim(input_)

|split_along_first_dim(input_):
"""Split the tensor along its first dimension and keep the
corresponding slice."""

world_size = get_tensor_model_parallel_world_size()

if world_size == 1:
return input_

dim_size = input_.size() [0]
(
dim_size % world_size == 0
),
local_dim_size = dim_size // world_size
rank = get_tensor_model_parallel_rank()
dim_offset = rank * local_dim_size

output = input_[dim_offset : dim_offset + local_dim_size].contiguous()

return output

_split_along_first_dim() EREXECHNIL seq EEXSHIN words_embe
ddings 117 split

2 N NPU 5 BUEIHE X1 X2 shape [s/2, b, h] , BIE s 31T

15

[s/2, b, h] [s/2, b, h]

scatter to sequence parallel |

[s, b, h]

Embedding |
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ColumnParallellLinear(torch.nn.Module):
_dinit_ (

if self.async_tensor_model_parallel_allreduce self.sequence_parallel:
raise RuntimeError(
"async_tensor_model_parallel_allreduce’ and sequence_parallel’ "

"cannot be enabled at the same time."
)

self._forward_impl = linear_with_grad_accumulation_and_async_allreduce

self.explicit_expert_comm = self.is_expert (
self.sequence_parallel self.expert_parallel

)

LinearWithGradAccumulationAndAsyncCommunication(torch.autograd.Function):
forward(

if sequence_parallel:
world_size = get_tensor_model_parallel_world_size()
dim_size = list(input.size())
dim_size[0] = dim_size[@] * world_size

all_gather_buffer = get_global_memory_buffer().get_tensor(dim_size, input.d
.distributed._all_gather_base(
all_gather_buffer, input, group=get_tensor_model_parallel_group()
)
total_input = all_gather_buffer
else:
total_input = input

output = torch.matmul(total_input, weight.t())
if bias H

output = output + bias
return output

_gather_along_first_dim(input_):
"""Gather tensors and concatinate along the first dimension.

world_size = get_tensor_model_parallel_world_size()

if world_size == 1:
return input_

dim_size = list(input_.size())
dim_size[@] = dim_size[@] * world_size

output = torch.empty(dim_size, dtype=input_.dtype, device=torch.cuda.current_devic|
.distributed.7all;g|ather7base(
output, input_.contiguous(), group=get_tensor_model_parallel_group

ColumnParallelLinear 5¢I& SP £ 2 ™ NPU _E43Bll&gH X1 X2 Sh

ape [s/2, b, h] #1117 all-gather §FFB% Shape [s, b, h]

£ 2 > NPU _EFTITESE Y1 Y2 Shape [s, b, 3h/2]

Y

{1
G N -gather (Y1, Y2)
f il

NPU 0 U NPU | U
Y

i

2.0 B9 [h, 3h/2]

fiey

SN TIEN (2N

{7
X
{7

ARG oy () 2 > NPU _EAR{SHER

{t
b'¢

B NPU RUBIANEBZ—HF X[s, b, h]

*st@)\m & X2 37 all g

2 N NPU iHH Y1 & Y2 [s, b, 3h/2]

i 2 NPU _HRIIE Al & A2

X

ther RS

T [5/2,b,h] T 2.0

Layer Norm

[s/2, b, h] [s/2, b, h]

scatter to sequence parallel

T [s,b, h]

Embedding
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Transformer Layer x L
— B (o : ; &= AN
oLl iner(ore. n-Hodle): RowParallelLinear 5545 SP £ 2 1> NPU LY Y2 [s, b, h]
_init_|
—p Add self.input_size_per_partition = divide(input_size, world_size) s— A
sel.skip_bias_add = skip_bias_add H11T reduce-scatter itH Y1 Y2 Shape [s/2, b, h]
* self.config = config
self.is_expert = is_expert
MLP self.expert_parallel = config.expert_model_parallel_size > 1
self.gradient_accumulation_fusion = config.gradient_accumulation_fusion
self.sequence_parallel = config.sequence_parallel
self.sequence_parallel self.input_is_parallel:
DrOPOUt raise RuntimeError("To enable "sequence_parallel , "input_is_parallel’ mus
MLP (4h to h) tnput):
‘ if self.explicit_expert_comm:
GeLU assert self.skip_bias_add
A output_ = output_parallel r ------------------------------------------------------------------------------ ]
1if self.sequence_parallel: 1 H ]
output_ = reduce_scatter_to_sequence_parallel_region(output_parallel) ] SeIfAttentlon Xn [5/2, b, h] :
MLP (h to 4h) : i ;
output_ = r.'educ.e_frcm_tensor_model_parallel_regmn(output_parallel) : | ROW ParaIIeILinear | :
self.skip_bias_add: ) ]
= (output_ + self.bias) if self.bias else output_ (] A A !
T output bias = : [5/2: b, hP] [s/2, b, hp] :
1 [}
Layer Norm reduce_scatter_along_first_dim(input_): ] . _ !
4 "iReduc r the input tensor across model parallel group.""" ] Core Attention Reduce-Sdatter H
world_size et_tensor_model_parallel_world_size() ] A :
]
b e o : 3 x [s,b,np, hn] 3 x [s, b, np, hn] '
—p| Add return ] . . . . . . {
] | Tensor view & split(-1dim) | Tensor view & split(-1dim) | 1
* dim_size = list(input_.size()) ) A A ]
assert ( ] !
A . dim_size[@] % world_size ! [S, b, 3h/2] [S, b, 3h/2] :
ttention ) " dimension of the tensor should be divisible by tensor parallel : [}
] . 3 [}
dim_size[@] = dim_size[@] // world_size : | Q/K/V C0|umnPaI‘a||e|Llnear All G*ther :
Dr 1 !
OPOUt output = torch.empty(dim_size, dtype=input_.dtype, device=torch.cuda.current_device() (] /2 b h A [S/z b h] :
* Reduce_scc tted .distributed._reduce_scatter_base( : [S 2 ] » = 1
output, input_.contiguous(), group=get_tensor_model_parallel_group 1 :
. ) ]
Self Attention return output ! | Layer Norm | :
i A A i
]
ale Sl : [s/2, b, h] [s/2, b, h] :
+ 1 iz, b, Sl<, b, !
1 [}
1 [}
Layer Norm ! | scatter to sequence parallel | i
]
o o o o o o . = (]
[s, b, h]
[s, b, h]

Embedding | Embedding |
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T [s, b, 2h] T [s, b, 2]
| GelU | GelU |
T [s, b, 2h] T [s, b, 2]
| MLP (h to 4h) ColumnParallelLinear AII-G+ther
[s/2,b, h]
—' Layer Norm |
[.5.h] 4 s2bh A
—] Add |
A [/2,b,h] )
| Dropout |
A
Self Attention x n [s/2, b, h]
| Row ParallelLinear |
$ b2 4 120

Core Attention

Reduce-Sz1atter

T 3 x [s, b, np, hn]

T 3 x [s,b,np, hn]

| Tensor view & split(-dim) |

Tensor view & split(-1dim) |

[s, b, h]
Embedding

[s, b, 3h/2] [s,b, 3h/2]
Q/K/V ColumnParallelLinear AII-G+ther
A [s/2, b, h] * [s/2, b, h]
| Layer Norm |
A A
[s/2, b, h] [5/2,b,h]
| scatter to sequence parallel |
[s, b, h]
| Embedding |
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