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• Most ML theory assumes random model trained to convergence

we usually FT LLMs from a pretrained model for few updates

let’s analyze learning dynamics for each update!

After learning 𝒙𝒖, how does 
the model’s prediction on 𝒙𝒐 change?

Learn 𝝅(𝒚𝟒|𝒙𝟒) increase 𝝅(𝒚𝟒|𝒙𝟗)

• LLM are usually auto-regressive, i.e.:

ℒSFT ≜ − log 𝐳 = − log 𝜋𝜃 𝐲 𝐱 = −  log 𝜋𝜃 𝑦𝑙 𝐱, 𝐲<𝐥

• Because of teacher forcing, we can have:

𝐳 = ℎ𝜃 𝜒 ; 𝜋𝜃 𝐲 𝜒 = Softmax (𝐳)𝜒 = 𝐱; 𝐲 ;

• The decomposition of SFT is:

• Definition: intuition, decomposition, and MNIST example

• Helps answer the following important question:

For a prompt 𝒙𝒖, how does learning the response 𝒚𝒖
+

influence model’s belief about another 𝒚𝒖
′ ?

Caused by 
squeezing effect

𝐲u
−

𝐲u
+𝐲∗

• Result 1: learn on [𝒙𝒖; 𝒚𝒖
+] “drag” other [𝒙𝒖; 𝒚𝒖

′ ]

• Result 2: since ungrammatical language are too dissimilar to 𝒚𝒖
+,

their confidence directly go down very fast

• Result 3: [𝒙𝒖; 𝒚𝒋≠𝒊
+ ], answering question 𝑖 using response to 𝑗, 

keeps increasing. This might cause hallucination

• Result 4: the similarity (i.e., 𝒦𝑡 𝜒𝑜, 𝜒𝑢 𝐹) from model’s perspective 
can be tricky: two sequenced generated by the same LLM can be very 
similar although they are semantically non-correlated! 

• Based on SFT, learning dynamics of DPO is:

• What does this negative gradient do?

Adding big negative gradient for an already unlikely 𝐲𝐮
−

weird things happen!

• The squeezing effect* (shown analytically in the paper):

* Note that the current modeling for LLM 
is not the whole story for how the 
negative gradient influence our system. 
Stay tuned to our future work discussing it. 

If you really feel interested in this, we can 
discuss the 2-gram exampe a bit 

• Result 1/2: model’s behavior supports our analysis well

• Result 3: even with smaller learning rate, DPO decays even unrelated 
responses much faster than SFT does (because of the squeezing effect)

• Result 4: as suggested by squeezing effect, the probability mass is all 
squeezed into one response: the greedy decodings

• Fun fact: many effective methods 
mitigate squeezing effect

Δ log 𝜋𝑡 𝒙𝒐 = −𝜂𝒜𝑡 𝒙𝒐 𝒦𝑡 𝒙𝒐, 𝒙𝒖 𝒢𝑡 𝒙𝒖, 𝒚𝒖

𝜋 𝑦|𝒙𝒐 =

Identical

𝜋𝜃𝑡

𝜋𝜃𝑡+1

𝜋 𝑦|𝒙𝒐 =

Similar

∆ log 𝜋𝑡 𝑦 𝜒𝑜 𝑚 = −  

𝑙=1

𝐿

𝜂 𝒜𝑡 𝜒𝑜 𝑚 𝒦𝑡 𝜒𝑜, 𝜒𝑢 𝑚,𝑙 𝒢 𝜒𝑢 𝑙

𝑉 × 𝑀 𝑉 × 𝑉 × 𝑀 𝑉 × 𝑉 × 𝑀 × 𝐿 𝑉 × 𝐿

𝒢DPO+
𝑡 = 𝛽 1 − 𝑎 𝜋𝜃𝑡 𝐲 𝜒𝑢

+ − 𝐲𝑢
+ ; 𝒢DPO−

𝑡 = 𝛽 1 − 𝑎 𝜋𝜃𝑡 𝐲 𝜒𝑢
− − 𝐲𝑢

− ;

 2-gram example: 
more precise explanation

𝐲u
+ only 𝐲u

− only BOTH

On-policy DPO, IPO

𝐲u
+𝐲u

−

SPIN

𝐲u
+𝐲u

−

SPPO

𝐲u
+𝐲u

−

SLiC

𝐲u
− 𝐲u

+𝐲ref

Triggered when
gap is smaller 

than 𝜹

+𝑂 𝜂2

+𝑂 𝜂2

Inner product of gradients
Empirical NTK
𝛻θzo 𝛻θzu

T

𝜋 = Softmax 𝑧 ; 𝑧 = ℎ𝜃(𝑥)

𝛻𝑧ℒ 𝐱𝐮, 𝐲𝐮  
zt

For cross-entropy
𝜋𝜃 𝐲 𝐱u − 𝐞𝐲𝐮

• The response space is huge, so just observe some typical ones:
(Consider a typical alignment dataset, e.g., Antropic-HH)

1-2: Valid
(Answering 𝐱𝐮)

3-4: Invalid
(Still grammatical)

5: Ungrammatical 

 Given question 𝐱𝐮, our 𝐲 is:

What do you mean 
by cheating?

Could you clarify what
you mean by cheating?

It’s interesting, this isn’t a 
topic that I’ve studied 

extensively, so I’ll be 
happy to just think about 

it together. You said “how” 
instead of “if”, do you 

think it’s possible?

The purple cat danced 
under the starry night sky 
with joyful abandon.

Let’s take a look at the next month’s release schedule. 
Are there any games you’re particularly excited for?

You in cheat poker how do?

HAJA de sa @4 ~ 喵

Valid feedback Invalid feedback Ungrammatical 

Semantics

Edit distance

Similarity to 𝒚𝒖
+ (hypothetical sketch)

𝒚𝒖
+

What do you mean 
by playing?

𝒚gpts
+

𝒚gptf
+

𝒚𝑢
−

𝒚𝒋≠𝒊
+

𝒚hum

𝒚rnd
+

Prompt: 𝒙𝒖

How do you cheat in poker?

1. Chosen response 𝒚𝒖
+

1.1 GPT rephrase chosen, 
preserving semantics 𝒚gpts

+

2. Rejected response 𝒚𝒖
−

4. Random sentence by GPT 𝒚hum

3. Irrelavent from train set 𝒚𝒋≠𝒊
+

5. Random permuted chosen 𝐲𝐫𝐧𝐝
+

1.2 GPT rephrase chosen, 
preserving format 𝒚gptf

+

2.1 GPT rephrase rejected, 
preserving semantics 𝒚gpts

−

2.2 GPT rephrase rejected, 
preserving format 𝒚gptf

−

𝒙𝒖, 𝒚𝐠𝐩𝐭𝐬
+

𝒙𝒖, 𝒚𝒖
+

𝒙𝒖, 𝒚𝐫𝐧𝐝
′

𝒙𝒖, 𝒚𝒖
+

𝒙𝒖, 𝒚𝒋≠𝒖
+

𝒙𝒖, 𝒚𝒖
+ 𝒙𝒋≠𝒖, 𝒚𝒋≠𝒖

+

Built-in 
Watermark?

−𝜂 𝒜𝑡 𝜒𝑜 𝑚  

𝑙=1

𝐿+

𝒦𝑡 𝜒𝑜, 𝜒𝑢
+ 𝒢DPO+

𝑡
𝑚,𝑙 −  

𝑙 =1

𝐿−

𝒦𝑡 𝜒𝑜, 𝜒𝑢
− 𝒢DPO−

𝑡
𝑚,𝑙

 Almost ALL dimensions (global) ↓ ↓
 Except argmax (consistant) ↑↑

𝑷 𝒚𝒖
− = 𝟎 =

𝒆−𝟏𝟎

𝒆−𝟏𝟎 + 𝒆𝟏𝟎 + ⋯

[𝒙𝒖, 𝒚𝒖
+]

Self Positive gradient

Other
gradients

Other
gradients

Squeezing effect

Train longer  stronger !!!

Where has the probability mass gone?


