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Background

• Achilles heel of scaling foundation model
• Scaling laws has been considered as the de facto approach to improve 

model capabilities. But is it perfect?

• Do we always need a very large foundation model to handle any user 
instructions?
• Human intelligent is activated by a dynamic paradigm, we are not activating all 

neurons of brains.

• However, existing LLM paradigms (e.g., Dense or MoE) only support a fixed size 
activation, lacking flexibility and extensibility.
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Background

• Shortcoming of scaling law within training
• When we need to increase the scales of foundation model, it always 

requires us to train from scratch (e.g., 30B → 175B). Is it a correct way?

• However, the learning stage within human intelligent is a continual 
learning. We can progressively or incrementally learn new knowledge.

• So, why we cannot reuse knowledge from previous scales, but always 
train from scratch?
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Background

• Deficiency in unifying understand and generation
• Nowadays, a trend is to unify the understand and generation within 

one model. So, in existing paradigms:
• Understanding means the states to handle input content (e.g., Keys / Values in 

Transformer), including the provided and generated data, refer to prefilling.

• Generation means how to infer the outputs based on the conditional data, refer 
to decoding.

• But does understanding necessitate similar capability as generation?
• In human, understanding (e.g., Reading a book) is usually simpler than generation 

(e.g., writing a book).
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Background

• Motivation
• So, how can we design a new paradigm, enabling foundation models 

with better extensibility and flexibility, that satisfies:
• It allow us to reuse capability from existing scales and enables us to progressively 

expand model scale.

• It can offer multiple scales for elastic usage.

• Besides, it will be better if it can support:

• Faster Prefilling speed.

• Dynamic LLM switching during the decoding, without any additional computations.



Microsoft Research

Outline

• Background

• Chain-of-Model

• Architecture

• Experiments

• Conclusion



Microsoft Research

Chain-of-Model

• What is Chain-of-Model?
• Chain-of-Model (CoM) is a new scaling paradigm for foundation 

models, that allow progressive training, elastic inference and so on.

• It applies the idea of chain into every part within model, from 
representation, to the layer and finally the model.

• Chain-of-Representation → Chain-of-Layer → Chain-of-Model
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Chain-of-Representation

• Definition

• By using different number of chains, we can 
encode information at different scales, and 
thus support multi-scale representation. 
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Chain-of-Representation

• Definition

• By using different number of chains, we can 
encode information at different scales, and 
thus support multi-scale representation. 

Challenge: How to model the connections between two CoR features?
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Chain-of-Layer

• Definition

• That means, for 𝑥 = {𝑥1, … , 𝑥𝑛} and 𝑦 = {𝑦1, … , 𝑦𝑛}, both with n chains. 
In Chain-of-Layer, each 𝑦𝑖 is only built upon 𝑥≤𝑖 .

• CoL possesses three properties: Generality, Causality, Compositionality.
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Chain-of-Layer

• Generality
• Any layer can be considered as a specific case of Chain-of-Layer when 

the number of chains is 1.

• Therefore, any layer can be extended to multiple chains, by increasing 
the number of chains and reusing previous chains.
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Chain-of-Layer

• Causality
• Based on the causality of CoL, to obtain the feature of scale i, it only 

requires the activation of previous chain ≤ 𝑖.

• Therefore, it allows us to dynamically calculate the feature at any scale 𝑖 
within one representation.
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Chain-of-Layer

• Compositionality
• For any two layers, if both of them conform to the chain-of-layer 

properties, its compositionality also satisfies the setting of CoL.

• Therefore, it allows us to generalize the setting of Chain-of-Layer to the 
scope of model level (i.e., Chain-of-Model).
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Chain-of-Model

• Definition

• If a model, from its first layer to the final layer, both conform to the 
property of Chain-of-Layer, it also inherit any properties of Chain-of-
Layer. For example,
• Any model can be considered as a special case of Chain-of-Model, when n = 1.

• To obtain the features / logits of scale i, it only requires us to activate the weights 
of the corresponding chains.
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Architecture

• Based on the design of CoM, if we can revise each layer of 
Language model to satisfy the setting of CoL, the final language 
model is capable of properties of CoL.

• So, we propose Chain-of-Language-Model (CoLM), that apply 
CoM into Linear, and each module within Transformer (e.g., Self-
Attention, FFN, Normalization and so on).
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Linear

• Linear serves as the fundamental layer in neural network, to 
transform input features. Its standard mathematic expression is: 𝑦 =
𝑊𝑥 + 𝑏, where 𝑊 ∈ ℛ𝐷𝑦×𝐷𝑥 , and 𝑏 ∈ ℛ𝐷𝑦 . 

• For linear to process CoR, we denote 𝑥 = {𝑥1, … , 𝑥𝑛} and 𝑦 =
{𝑦1, … , 𝑦𝑛}. So, its formulation is as:

𝑦 = ԡ𝑖=1
𝑛 𝑦𝑖 = ԡ𝑖=1

𝑛 (𝑊𝑖𝑥≤𝑖 + 𝑏)

• where ԡ means the concatenate operation. And here, we introduce a 
hyper-parameter 𝐶 = {𝑐1, … , 𝑐𝑛} to determine the size of 𝑥𝑖 ∈ 𝐷𝑥𝑖 and 
𝑦𝑖 ∈ 𝐷𝑦𝑖 , where 𝐷𝑥𝑖

=
𝑐𝑖

∑𝐶
𝐷𝑥 , and 𝐷𝑦𝑖

=
𝑐𝑖

∑𝐶
𝐷𝑦.
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Linear (optimized)

• Please note, although Chain-of-Linear introduce fewer 
parameters, the naïve implementation for training is slow due to 
more data access and all-reduce operation.

• Therefore, we also introduce a block-wise sparse kernel 
implemented by Triton for acceleration.



Microsoft Research

Linear (optimized)
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Linear (optimized)

• Speedup Comparisons
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Attention

• Standard Formulation

• In the above function, MHA contains 4 linear layers, which 
includes Q, K, V, O. Hence, we just need to replace all Linear by 
Chain-of-Linear layer.

• However, we also need to guarantee the dot product also 
adheres to the setting of CoL.
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Attention

• For 𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛(𝑞, 𝑘, 𝑣), if a single head (𝑞𝑖 , 𝑘𝑖 , 𝑣𝑖) contains 
information from 2 or more chains, its output will blend these 
information and break the rules of CoL.

• Therefore, we expect each head only contains information from 
single scale. To this end, we just need to ensure ∑𝐶 = ℎ, so that 
each 𝑐𝑖 represent how many heads are assigned to chain 𝑖.
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Attention

• Implementation
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• Implementation
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Attention (Extension)

• KV Sharing
• Based on the above design, each chain hold its dedicated keys and 

values. 

• If we want to use the largest scales or switch different scales during the 
decoding, we also need to calculate all weights. So is it possible to 
bridge the connections between different chains?
• Let’s require all keys and values to be calculated within the first chain.

• It can be considered as a case of 𝑦𝑖 is only conditioned on 𝑥1. And thus, it also 
satisfy the requirements of CoL.
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FeedForward Network

• FFN is usually composed of multiple linear layer, with the 
connected activated function. So, we just need to replace all 
linear as Chain-of-Linear.
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Normalization

• A simple trick for normalization is to apply normalization over 
each chain.
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Embedding

• For Embedding, which often acts as the first layer, we do not 
involve any specific design, but just activate the specific chains 
when using it.
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Objective Function

• For the output features 𝑥 ∈ 𝑅𝐷 from CoLM, we can use cross-
entropy loss. But we also need to guarantee each chain for 
prediction. 

• Motivated by MRL loss, we respectively calculate the objective 
function of each chain, as 𝐿𝑜𝑠𝑠𝑖 = ℒ(𝑊𝑖𝑥≤𝑖).
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Experiments

• Model Expansion
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Experiments

• Prefilling
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Experiments

• Elastic Inference

• Chain Tuning
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Conclusion

• In this paper, we introduce a new paradigm, termed Chain-of-
Model, to enable foundation model with better extensibility and 
flexibility in processing multi-scale information. 

• We extend the idea of CoM into each layer within Transformer, 
and propose Chain-of-Language-Model (CoLM).

• Experimental results also demonstrate the capability of CoLM, 
and both exhibit better extensibility and flexibility.
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Discussion

• Depth-up vs Width-up
• Depth-up means increase the number of layers, while CoM can be 

considered as a kind of width-up scaling, to increase the feature 
dimension.

• Depth-up is better at feature learning and can reuse previous weight, 
but it cannot retain the logits (i.e., the prediction) at the model level.

• Width-up is better at extensibility, so that it can perfectly preserve 
knowledge from previous method.

• Depth-up is compatible with width-up.
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Discussion

• CoM vs MoE

• Besides, CoM is completely orthogonal to MoE.
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Discussion

• CoM vs NAS
• Neural Architecture Search (NAS) is a classical algorithm to offer elastic 

inference. It built a Super-Net, and then require sampling policy to 
obtain sub-net.

• CoM integrate multi-scale model within one model, and can train it 
jointly, without any sampling policy.
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Discussion

• Limitations
• Infrastructure

• the chain-of-layer is compatible with DP, PP and CP, but not well-suited for tensor 
parallelism (TP).

• Chain-of-Layer can be considered as an imbalanced tensor, so it may require well-
designed parallelism.

• Optimal Setting
• Chain-of-Model ensure each model can be considered as a case of CoM. Hence, 

any scaling laws can be applied to the CoM setting.

• But, how to determine the optimal setting of each chain need exploration. 
Specifically, each chain will affect its latter chains.
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