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Falcon Model Series
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Foundation Model Backbones (e.g., LLMs)*

e Communication between tokens

* Computation within a token
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From State Space Models (SSMs) to Mamba

(a) Recurrent Neural Network

Non-Linearity
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(b) Transformer (Attention Mechanism)

| Multi-head Attention Scores
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Selective State Space Models
with hardware-aware state expansions (Mamba)

Probabiities

]
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+ Select to remember/forget

Fig. credit [Gu and Dao, arXiv'23]

Fig. credit [Qu et al., arXiv'24]

Read/write from/to the hidden states



Mamba Memorization & Forgetting

Layer 0

Layer 1

Layer 2

sum of dts A_log over d_state
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Mamba — By-Design Advantages

Transformers
* Quadratic time complexity: O(n?) regarding context length n
* Memory Constraints: O(n) key-value (KV) cache for each token

* Optimizations: Sparse or local attention (e.g., SWA), CUDA optimizations

(e.g., Flash Attention), etc.

Mamba (attention-free)

* Reduced time complexity: regarding context length n
* Memory Optimization: memory cost
» Long-context dependencies: state representation

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Mamba applications in a nutshell

3D Point Cloud

Objective Detection P 7
rocessing

Text Generation

Recommendation

What are some of the key

factors that contribute to
E climate change, and how do

they impact the Earth's

environment?

(uscr recenﬂy wa'chod movies:

Considering the user's watch history, kindly
|provide recommendations for the top-5

|candidate movies that the user might find
interesting from the following selection

0000000 ®

Task-Specific Inputs

oo ST

Vision
Mamba

RecMamba (XX}

T

factors contribute to climate

lmphcahons for the Earth's
environment. Several key
change ...
LU )

Task-Spocific Oufpu‘rs

Climate change is a complex

phenomenon influenced by

various factors that interact

and have significant
_—

Fig. credit - [Qu et al., arXiv'24]
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Analyzing the user’s watch
history, it appears that the user
has a keen interest in animated
cartoons. Therefore, I present
the top 5 recommended movies in
this genre:
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Mamba LLMs below 2.8B

Model Token. Pile LAMBADA LAMBADA HellaSwag PIQA Arc-E Arc-C  WinoGrande Average
ppll ppll acct acc 1 accT accT accT acct acc T
Hybrid H3-130M  GPT2 — 89.48 25.77 31.7 64.2 44.4 24.2 50.6 40.1
Pythia-160M NeoX 29.64 38.10 33.0 30.2 61.4 43.2 24.1 51.9 40.6
Mamba-130M NeoX 10.56 16.07 443 353 64.5 48.0 243 51.9 44.7
Hybrid H3-360M  GPT2 —_ 12.58 48.0 41.5 68.1 51.4 24.7 54.1 48.0
Pythia-410M NeoX 9.95 10.84 51.4 40.6 66.9 52.1 24.6 53.8 48.2
Mamba-370M NeoX 8.28 8.14 55.6 46.5 69.5 55.1 28.0 55.3 50.0
Pythia-1B NeoX 7.82 7.92 56.1 47.2 70.7 57.0 27.1 53.5 51.9
Mamba-790M NeoX 7.33 6.02 62.7 55.1 72.1 61.2 29.5 56.1 57.1
GPT-Neo 1.3B GPT2 —_ 7.50 57.2 48.9 71.1 56.2 259 54.9 52.4
Hybrid H3-1.3B GPT2 — 11.25 49.6 52.6 71.3 59.2 28.1 56.9 53.0
OPT-1.3B OPT —_ 6.64 58.0 53.7 72.4 56.7 29.6 59.5 55.0
Pythia-1.4B NeoX 7.51 6.08 61.7 52.1 71.0 60.5 28.5 57.2 55.2
RWKV-1.5B NeoX 7.70 7.04 56.4 52.5 72.4 60.5 294 54.6 54.3
Mamba-1.4B NeoX 6.80 5.04 64.9 59.1 74.2 65.5 32.8 61.5 59.7
GPT-Neo 2.7B GPT2 —_ 5.63 62.2 55.8 72.1 61.1 30.2 57.6 56.5
Hybrid H3-2.7B GPT2 — 7.92 55.7 59.7 73.3 65.6 32.3 61.4 58.0
OPT-2.7B OPT — 5.12 63.6 60.6 74.8 60.8 31.3 61.0 58.7
Pythia-2.8B NeoX 6.73 5.04 64.7 59.3 74.0 64.1 32.9 59.7 59.1
RWKV-3B NeoX 7.00 524 63.9 59.6 737 678 33.1 59.6 59.6
Mamba-2.8B NeoX 6.22 4.23 69.2 66.1 75.2 69.7 36.3 63.5 63.3

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Mamba LLMs beyond 2.8B

Hybrid m ZYPHRA "%'A m ZYPHRA

mamba-attention Jamba-MoE Mamba2 8B Jamba1.5-MoE Zamba2 7B
. Zamba 7B : : amba
(12B active) (hybrid) (12B, 94B active)

2023.12 2024.03 2024.04 2024.05 2024.06 2024.06 2024.08 2024.08 2024.10

Falcon
Pure Mamba 2.8B Mamba 7B-rw Mamba2 8B Mamba 7B

mamba ‘
WiNceToy

Technology
Carnegie TI I Innovation
Mellon i Institute
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Falcon Mamba 7B

* Best open-source Mamba model at its scale

Welcome

FalconMamba 7B

* Outperforms top Transformer models: Llama 3.1 8B, Mistral 7B,
Falcon2 11B

» Supports infinite context length (sequential prefill)

35 Performance on IFeval, BBH, and MMLU-PRO
Average Scores

16.0
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155
g 20
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€00 IFEval BBH MMLU-PRO
5
3 Performance on MATH Lvl 5, GPQA, and MUSR
Recurrent tGemma (9B)
10 Mistral (78)
135 Llama 3 (8B)
Llama 3.1 (8B)
EEEEE— Falcon 2 (11B)
8 W Falcon Mamba 7B
13.0 "
26
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Model’s Sensitivity to Learning Rate

140M models
3.30
—@— transformer
—0— mamba
3.25 ~
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3.00 T 2
1074 1073 1072 101
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Stabilizing Mamba LLM’s Pre-Training

2.6

Step
15k 20k 25k 30k 35k 40k
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Falcon Mamba 7B - Training Details

Training Infrastructure
Gigatron: In-house 5D parallel training framework
+ 5D Parallelism: Data, Tensor, Pipeline, Sequence, Context

»  Support both Transformer and Mamba architectures

Trained on 256 H100 80GB GPUs (~ two months)

* Only Data Parallelism was applied for Falcon Mamba 7B

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Falcon Mamba 7B - Training Details

Parallel Training: from Transformer to Mamba

Transformer layer #1 Transformer layer #2

_____ Tensor MP partltlon #1

134 3E1h

_____ Tensor MP pamtlon #2

“Tensor MP partition #1 )

sl dim R

N Tensor MP partition #2 |

Pipeline MP partition #1 Pipeline MP partition #2

(a) MLP.

Operations use weight version from last flush

Pipeline flush

Worker 1
Worker 2

Time —— [ ForwardPass [ | Backward Pass

(b) Self-Attention.

11— 1ECNNUIVYY IMNOvVAuorn Imsuwe Al Lross unit kesearcn venter
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Falcon Mamba 7B - Training Details

Parallel Training: from Transformer to Mamba

Lmmmmm e m e

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Falcon Mamba 7B - Training Details

Training Recipes & Procedure
+  WSD (warmup-stable-decay) learning rate schedule
* Flexible pretraining & continual training

+ Batch size ramp-up, batch scaling (during ramp-up), etc.

2.3
«  RMSNorms within Mamba blocks \
WSD
peak i ] 2.2 Stable | Decay

i i 0
Q i i wn
E min w w Y7 3
o - ! .
o Cosine 2.1
£ peak H i
= i | —— WSD "
4 min Cosine

0 10000 20000 30000 40000 50000
Step
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Falcon Mamba 7B - Training Details

Pretraining Data

* Mostly from Falcon 2 11B

« 75,800GT from multiple resources, e.g., RefinedWeb, code, math, etc.

Stage 1 (~1300GT, 2k context) Stage 2 (~3500GT, 2k context)

Code Math

8.0%
Code
Curated 16.8%

15.0%

9.9%

69.3%
77.0% RefinedWeb

RefinedWeb

TIl - Technology Innovation Institute Al Cross Unit Research Center

Curated

Stage 3 & 4 (~250GT*2, 4k/8k context) Decay Stage (~500GT, 8k context)

Math Instruct
Synthetic

Code
9.0%

Math

Fi b Ed
inewel u 42.6%

20.0% Curated

16.7%
RefinedWeb Code

65.0%

16.7%

Curated

18
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Falcon Mamba 7B VS SoTA LLMs

Table 2: Model Performance on HF Leaderboard v1 tasks: bold (best), underline (second best)

TII — Technology Innovation Institute Al Cross Unit Res

Model Name ARC-25 HellaSwag-10 MMLU-5 Winogrande-5 TruthfulQA-0 GSMS8K-5 Average
RWKYV models
RWKYV-v6-Finch-7B* 43.86 75.19 41.69 68.27 42.19 19.64 48.47
RWKV-v6-Finch-14B* 47.44 78.86 52.33 71.27 45.45 38.06 55.57
Transformer models
Falcon2-11B 59.73 8291 58.37 78.30 52.56 53.83 64.28
Meta-llama-3-8B 60.24 8223 66.70 78.45 4293 45.19 62.62
Meta-llama-3.1-8B 58.53 82.13 66.43 7435 4429 47.92 62.28
Mistral-7B-v0.1 59.98 83.31 64.16 78.37 42.15 37.83 60.97
Mistral-Nemo-Base-2407 (12B) ~ 57.94 82.82 64.43 73.72 49.14 55.27 63.89
Gemma-7B 61.09 82.20 64.56 79.01 4479 50.87 63.75
Hybrid SSM-attention models
RecurrentGemma-9b** 52.00 80.40 60.50 73.60 38.60 42.60 57.95
Zyphra/Zamba-7B-v1* 56.14 82.23 58.11 79.87 52.88 30.78 60.00
Pure SSM models
5 -7b-rw* 80,85 3341 ZL1L 32,08 470
alconMamba-7B (pre-decay)* 49.23 80.25 5727 70.88 37.28 21.83 52.79
alconMamba-7B* 62.03 80.82 62.11 73.64 53.42 52.54 64.09

Table 3: Model Performance on HF Leaderboard v2: bold (best), underline (second best)

Model Name IFEval-0 BBH-3 Math-Lvl5-4 GPQA-0 MuSR-0 MMLU-PRO-5 Average
RWKYV models
RWKV-v6-Finch-7B 27.65 9.04 1.11 2.81 225 5.85 8.12
RWKV-v6-Finch-14B 29.81 12.89 1.13 5.01 3.16 11.3 10.55
Transformer models
Falcon2-11B 32.61 21.94 2.34 2.80 7.53 15.44 13.78
Meta-llama-3-8B 14.55 24.50 3.25 7.38 6.24 24.55 13.41
Meta-llama-3.1-8B 12.70 25.29 4.61 6.15 8.98 24.95 13.78
Mistral-7B-v0.1 23.86 22.02 2.49 5.59 10.68 22.36 14.50
Mistral-Nemo-Base-2407 (12B) 16.83 29.37 498 5.82 6.52 27.46 15.08
Gemma-7B 26.59 21.12 6.42 492 10.98 21.64 15.28
Hybrid SSM-attention models
RecurrentGemma-9b 30.76 14.80 4.83 4.70 6.60 17.88 13.20
Zyphra/Zamba-7B-v1* 24.06 21.12 3.32 3.03 7.74 16.02 12.55
Pure SSM models

- -7b-rw* 671 0 L12 551 1 6
FalconMamba-7B (pre-decay)* 24.05 11.01 1.71 3.05 8.68 8.59 9.5ﬁ2-|
FalconMamba-7B 33.36 19.88 3.63 8.05 10—86 14.47 15.04 19
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Falcon Mamba 7B VS SoTA LLMs

* Infinite context length (sequential prefill)

* ~16K context length (parallel prefill), outperforming Transformer models

Maximum context length fitting on a single 24GB A10 GPU
00

10°
107 4
105

103 4

20.0 4

17.5 A

Context Length (k)

13k
12:31 10.5k 11k

10.0
7.51
5.0

2.51

0.0

Llama 3 8B Mistral 7B Qwen2 7B FalconMamba 7B FalconMamba 7B
(parallel prefill) (sequential prefill)

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Falcon Mamba 7B VS SoTA LLMs

* Constant throughput regardless the generation length

*  Constant memory usage and lower memory cost than Mistral 7B

TIl - Technology Inn

Throughput (tok/s)

Maximum GPU memory occupied by tensors

0

(3]

4

w

N

N

o

Throughput vs Generated tokens (higher is better) - using Hugging Face transformers library

24.38
.78 Model Name
Mistral 7B
19.95 mmm FalconMamba 7B
13.45 13.53
I I I I I E
8192 16384 32768 65536 131072
Maximum Generated Tokens
1e10 Maximum GPU memory occupied by tensors vs Generated tokens (lower is better) - using Hugging Face transformers library
Model Name
Mistral 7B
—e— FalconMamba 7B
0 20000 40000 60000 80000 100000 120000

Maximum Generated Tokens
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How to use Falcon Mamba 7B

HuggingFace Ecosystem

Direct use with HF Transformers
*  Multiple precisions (quantized & non quantized)
*  Multiple platforms (CPU & GPUs)

Fine tuning

* SFTrainer, PEFT, etc.

Falcon Mamba 7B Chat model (Instruct)
Online, full precision

* HuggingFace Playground
Offline, multiple precisions

* Llama.cpp, LM Studio, etc.

w . Hugging Face

LLaMAG-

Document Classified as: Internal
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£ Hugging Face

& httpsy//wwwtiiae/ X Tiluae © tivae

."D Technology Innovation Institute @R company

Al &ML interests
== Organization Card

Large language models

lieve in a better tomorrow? We do. Our team of expert researchers live the dream and work to build it

4 Team members 38

from transformers import AutoTokenizer, AutoModelForCausallM

tokenizer = AutoTokenizer.from_pretrained(“tiiuae/falcon-mamba-7b")
model = AutoModelForCausallLM.from_pretrained("tiiuae/falcon-mamba-7b", device_map:

input_text = “Question: How many hours in one day? Answer:

input_ids = tokenizer(input_text, return_tensors="pt").input_ids.to("cuda")

outputs = model.generate(input_ids)

print(tokenizer.decode(outputs[0]))

Running on ZERO

Falcon Mapo;.Playground

22



How to use Falcon Mamba 7B - LM Studio

[ X°N ] * LM Studio X falcon mamba a

GGUF ® BestMatch ~ it Showing 13 GGUF models from & Hugging Face Hub

& falcon-mamba-7b-F16-GGUF > 1 & 296
- @ tiiuae/falcon-mamba-7b-instruct.. & Model Card 7

tiiuae Last updated: August 24,

Choose a download option @

B falcon-mamba-7b-BF16-GGUF ? 1 & 250 1 Options Available

M | Falcon Ma. m ~ Downloaded 4.20 GB

(04
B falcon-mamba-7b-instruct-F16-GGUF 1 & 209
» Use in New Chat

tiiuae August 24, 2024 (3 days ago)

tiiuae Last up August 24, 2024 (3 days ago)

[ falcon-mamba-7b-instruct-BF16-GGUF 01 & 307 Hioong kace St

tiuae 2024 (3 days ago Repository ~ tiiuae/falcon-mamba-7b-instruct-Q4_K_M-GGUF @

Downloads | & 239
Likes © 1

Last updated August 24, 2024 (3 days ago)

2 README.md v

5 falcon-mamba-7b-instruct-IQ4_NL-GGUF 01 + 16

llork Last updated: August 25, 2024 (2 days ago)

& falcon-mamba-7b-GGUF o & 322
mradermacher Last upda August 22,

B falcon-mamba-7b-instruct-GGUF > 0 | & 295
¢° mradermacher Last updated: August 22,

&
4 LM Studio 0.3.1 User Developer

SYSTEM RESOURCES USAGE: (RAM: 3.98 GB | CPU: 39.60 %

TIl — Technology Innovation Institute Al Cross Unit Research Center
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How to use Falcon Mamba 7B - LM Studio

[ IO ) [ Chats ® + & @ tiiuae/falcon-mamba-7b-instruct-Q4_K_M-GGUF v 2 Eject A

‘ ’ Falcon Mamba 7B Falcon Mamba 7B

You

How to make a margarita pizza?

Assistant
To create your own delicious Margherita Pizza, follow this simple step-by-step guide:
Ingredients:

« 1 pound of fresh mozzarella cheese or buffalo mozzarellla balls cut into small pieces. You
can also use low moisture shredded Mozzarella if you prefer a less gooey pizza crust

« Olive oil for brushing the dough and toppings after baking, approximately % cup

« Salt to taste

For Toppings:

« Fresh basil leaves (plucked from stems) or dried oregano as per your preference. You can
use either one based on what'’s available in season; however fresh herbs will add a
brighter flavor than the pre-dried ones {You may also want some extra virgin olive oil,
crushed red pepper flakes for garnishing}

Instructions:

® stop
JR S R ST SO SR, T S R
Type a mess send
User (28U) @
&
#¥ LM Studio 0.3.1 User Developer SYSTEM RESOURCES USAGE: | RAM: 3.98 GB | CPU: 40.10 %

TIl — Technology Innovation Institute Al Cross Unit Research Center
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LLMs - Model & Data & Evaluation

Model

Architecture,
Training recipes

Infrastructure

Data Evaluation
Accessble corpus Common benchmarks

TIl - Technology Innovation Institute Al Cross Unit Research Center
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LLMs - Model & Data & Evaluation

Model+
Faster training/inference
token-efficent, etc.

Infrastructure

Evaluation
>ommon benchmarks

Data+
Higher quality, volume, finer-
control, safer, trustworthy, etc.

TIl - Technology Innovation Institute Al Cross Unit Research Center
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Evaluation+
Beyond academic benchmarks,
human experts, etc.
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Hybrid Model - The Future Design of LLMs?

6x Mamba2

Mamba MoE layer

Shared, Theh

Mamba layer ‘ 0 4;:

%

Mamba MoE layer ©
6x Mamba2
Transformer layer N ‘\\ Shared, .
Marmba V| O =
Mamba2 :
Mamba MoE layer 4 \
Mamba2
4
( Mamba2
Mamba layer A
Mamba2 J
4 pod
Mamba2 . Shared, LoRA
/ [ MLP, J*P=z
Mamba MoE layer :
\ ©
Mamba layer ‘ 6x Mamba2
? Input

Jamba-MoE 52B Zamba 2 7B
(128) Fig. credit - Zyphra

Fig. credit - [Lieber et al., arXiv'24]

TIl - Technology Innovation Institute Al Cross Unit Research Center

Meta ‘5
Tokens E
I | [nput 5 Output
Proj > ; I . Proj
— e g
Input = 2
Tokens 5
Repeat (N-3)/2 Repeat (N-3)/2
| KV sharing ! | KV sharing :

| every 2 layers

|
| every 2 layers :
|

1
1

LM Head

Embedding

Hybrid-
head
module

Layer norm
Layer norm

Hymba 1.5B

Fig. credit - [Dong et al., arXiv'24]
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Welcome to the Falcon 3 Family of S
Open Models!

Published December 17, 2024

Falcon 3 Family of Open Models

Update on GitHub
. . Abdalgader _ abdulmuneertii Adambina AbdulazizAlshamsi
% Abdalgader Abubaker Abdul Muneer ‘ Adam ”, Abdulaziz Alshamsi
w  tiiuae . w tiiuvae W tiiuae w  tiiuvae

Falcon 3

Family

alice-tii Almansoorialikhalifa amztheory
= Alice Pagnoux ‘ Ali Khalifa Almansoori ‘ Ahmed Alzubaidi

w tiiuae w tiivae w  tiiuae

T %, DhiyaEddine dunghuynh
Billel Mokeddem &/ DhlaGarbaya Rhaiem ‘@" ngoc dung huynh

w tiiuae w tiivae w  tiiuae guest

fedyanin geamp Gkunsch gokulkarthik
Kirill a Giulia Campesan 9 Guillaume Kunsch ' Gokul Karthik
w  tiivae w  tiivae 3 w  tiiuvae w  tiiuvae
griffintaur HakimHacid HamzaYous89 hangzou

Ankit Singh Hakim Hacid ‘ Hamza Yous Hang Zou

W tiiuae W tiiuae W tiiuae W tiiuae

ibrahim-khadraoui-TII ifarhat1993 Iheb-Chaabane jaadariF
ibrahim khadraoui . BrahimFarhat . lheb Chaabane ‘ Fedi Jaadari
W tiiuae W % tiivae W tiiuae W tiiuae
JingweiZuo .. kasper-piskorski IChahed

Jingwei Zuo e Karna ﬁ Kasper Piskorski a Ilyas Chahed

W tiivae W tiiuae W tiiuvae L W tiivae

1khphue p LeenAlQadi Ludovick -, melaseddik
Phlic L&é Khic Leen AlQadi @ Lepauloux i': Mohamed El Amine Seddik

00g0Cn00I»

guest guest ™ tiivae w tiivae
mersinvald Mughaira puneeshkhanna qiyang-zhao
Mike Lubinets g Mughaira ” Puneesh Khanna Qiyang Zhao
W tiiuae W tiiuae W tiiuae W tiiuae
zrcojocary RedaAlami . rishabh-saraf SanathNarayan
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