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Motivation: transformers use pointers

what does “memory” in transformers look like?

. . . CcPU
int a = 15; «— value Assigning variables In fact, it's a

J L\mriublenume to Values 1S a COdIng fundamental Unit
fu ndamental O-F acom puter Arithmetic/Logic

Unit

Control Unit

Data type

Input Device Registers Output Device

Computers use
pointers to keep
track of variables

We'll show that
transformers do
the same thing
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Indirect object
identification (IOl)

How do models represent
anaphora?



Tracking memory: indirect object

Alice and Bob went to the library. Bob gave a book to

Ox3 Bob

option 2 option 1
store pointer copy over
what does y to first mention information
of Bob about Bob

store?




Tracking memory: indirect object

Alice

pointer gets
dereferenced to literal
value

/ 7

stores pointer to first
occurrence of Bob!

- first layer: literal value

Bob gave
#n-1 #n

————

——

—————

Bob

Alice and
#1 #2 #3

Alice and Bob went to the library. Bob gave a book to

Wang et al. 2022 Interpretability in the Wild

subject
pointer

name’

name2

subject
value

subject



Tracking memory: indirect object

how do we change

just the value of the output
subject pointer? A
subject 5 subject
subject value subject value
pointer pointer
B A B
name name2 subject name name2 subject
Alice and Bob went to the library. and went to the library.

Bob gave a book to Bob gave a book to



Tracking memory: indirect object

base Counterfactual source
behavior seems
3 ) output somewhat A output
unexpected!

' "\ subject \ 5 subject
subject /) value subject value
pointer pointer

B A B
name name2 subject name name2 subject
Alice and Bob went to the library. and went to the library.

Bob gave a book to Bob gave a book to



Tracking memory: indirect object

base source

SOk |
Alice- Alice

on @ N aS @ @ . @

W s D 6 )
) 1 inervene on pore
( ( ) ( ) ( ) ( ) ( )

Alice and Bob ... Bob gave Bob and Alice ... Bob gave
#1 #2 #3 . #n-1 #n #1 #2 #3 . #n-1 #n
and went to the library. Bob and Alice went to the library.

Bob gave a book to Bob gave a book to



Let's try it
out!

exercise on
workbench

END
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Designing
counterfactuals

Revisiting hierarchical equality



Formalizing causal abstraction

X «x © 1 w(X « x) @\
&%
N Ny L g Uqw(X<—x) A

T(Ny x) = C’qw(X<—x)

with respect to a dataset of paired inputs,

[IA(w,T;D) = z 1 [T (NX “Xg (b)) — c/qa)(X<—x5) (b)]

b,s €D

how should we choose counterfactual pairs?



Criteria for counterfactuals

how should we choose counterfactual pairs?

Change variable Change value Rule out alternatives
b and s should have | - Can't be explained
different values for x
A (b) [X] Axea (s)[X (b) Axa (s)[Xx (b)
+ + +

[ this is only with respect to A! ]




Revisiting hierarchical equality

Change variable Change value Rule out alternatives

S




Revisiting hierarchical equality

source

Change variable Change value Rule out alternatives
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Revisiting hierarchical equality

source

Change variable Change value Rule out alternatives




What happens it we try different pairs?

random

e Sample different pairs of inputs

target b

e Sample inputs with different values
for E

isolate E

e Sample inputs with different values
for E and the same value for F



layer

What happens it we try different pairs?

random target E isolate E
no criteria met 142 1+2+3
L15 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.08
L13 i 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.08
0.00 0.00 0.00 0.00 0.31 0.00 0.08 0.08 0.08
L11 0.00 0.00 0.00 0.00 0.31 0.00 0.08 0.08 0.08
0.00 0.00 0.00 0.00 0.27 0.00 0.08 0.08 0.15
L9 I 0.00 0.00 0.00 0.00 0.27 0.00 0.08 0.08 0.08
0.00 0.04 0.00 0.00 0.27 0.00 0.15 0.08 0.00
L7 0.00 0.23 0.00 0.04 0.00 0.08 0.08 0.00 0.08
0.00 0.23 0.04 0.15 0.00 0.15 0.08 0.15 0.08
L5 i 0.00 0.23 0.04 0.15 0.00 0.15 0.08 0.23 0.08
0.00 0.27 0.04 0.12 0.00 0.08 0.23 0.31 0.08
3 i 0.00 0.31 0.04 0.23 0.00 0.23 0.23 0.31 0.08
0.04 0.27 0.12 0.15 0.00 0.23 0.23 0.31 0.08
L1 0.12 0.19 0.12 0.15 0.00 0.31 0.31 0.31 0.08
0.15 0.15 0.15 0.15 0.00 0.31 0] 01 0.08
Embed | 0.15 0.19 0.15 0.15 0.00 0.31 0.31 0.31 0.00
left a left b right a right b last token left a left b right a right b last token left a left b right a right b last token

position position position
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' example: entity binding



MCQA
example

exercise on
workbench

Location L, Featurizer F'

Causal
variable F = )
localization . 000
(54 @ (Leoceo
OO0
=>

000 Featurize using F
©000L — 0000 -

00O
X=“12+9=" Faithfulness
AAAAAA D
Tens -\_,'\..'\(-:arry the 1 0.38

Ones Y

=> i Y Align with variable in==>

high-level model
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Entity binding

How do models track relations
between variables?



Tracking memory: indirect object

Alice and Bob went to the library. Bob gave a book to

Ox3 Bob

option 2 option 1
store pointer copy over
what does y to first mention information
of Bob about Bob

store?




Tracking memory: entity binding

Alices likes dogs. Bob likes cats. We know that Bob likes

Payl

Srource
|
[

*

Token

Source Recalled

Token

b
Q
+—
=
O
o

Lookback
Token

il .
—
—
—
—
—
—
—
-~ .
—
—
—
—
—
—

Ox3

store pointer
to first mention
of Bob

Prakash et al. 2025 Language Models Use Lookbacks to Track Beliefs




Tracking memory: entity binding

source We know that Bob likes cats

!

base  Alices likes dogs. Bob likes cats. We know that Bob likes _—cats

dogs



Let's try it
out!

exercise on
workbench

(b) Layer-wise Intervention Results

»/

|=Full residual ||
ull residua ; =
Subspace |
dimension < 20 g '
Subspace !
dimension < 33
l

‘..-y'

0 10 20 30 40 50 60 70

Layers




Replicated lookback mechanism!

Original

Counterfactual

(a) Intervention Input Example

and are working in a busy restaurant. To complete
an order, grabs an opadgque and fills it with
Then grabs another opaque and fills it with
Question: What does believe the contains?
Answer:
an are working in a busy restaurant. To complete

an ordegr, grabs an opaque and fills it with

Then grabs another opaque and fills it with
Questign: What does believe the contains?
Answer:

Answer Pointer (O), Causal Model Output:
Answer Payload (A), Causal Model Qutput:

(b) Layer-wise Intervention Results

2 1'O_—Full residual | A

® | '

2 0.81 Subspace - '

3 dimension<20 | '

i 0.61  subspace 1

8 dimension = 33

= 0.4/

o

Bo2 1

=] | [}

B 0.0 - ' A ——— '
0 10 20 30 40 50 60 70

Layers

Source Prompt

Target Prompt

<|begin_of_text|> Bob likes pizza, Alice likes pancakes, Charlie likes burgers. We

know that Bob

pizza

<|begin_of ¥ext|> Alice likes dogs, Bob likes cats, Charlie likes mice . We know

that Bob cats

Prakash et al. 2025 Language Models Use Lookbacks to Track Beliefs

Activation Patching: Token Probabilty by Layer

X000
vl




What about multiple mechanisms?

e |t's often the case that we want to test
different hypotheses

* The same (base, source) pair could test
different hypotheses

* Hypotheses predict different countertactual
outputs for the same intervention



Mixture of mechanisms: entity binding
* Where is the pointer pointing?

Ann loves ale. Joe loves jam. Pete loves pie.
We know that Ann loves

e referent stored at e referent stored at e referent stored at
Ann's position object closest to Ann Ann's token

Gur-Arieh et al. 2025 Mixing Mechanisms



Mixture of mechanisms: entity binding

Joe loves ale. Ann loves pie. Pete loves jam.
We know that Ann loves

L P R
Ann loves ale. Joe loves jam. Pete loves pie.

We know that Ann loves

IIIIIIIIEHHHHiHHH%IIIIIIIII IIIIIIIIII!EHHE%%IIIIIIIIII ‘IIIIIIIIIH%EH%%I!%IIIIIIIII

e referent stored at e referent stored at e referent stored at
Ann's position object closest to Ann Ann's token

source

base

Gur-Arieh et al. 2025 Mixing Mechanisms



Mixture of mechanisms: entity binding

4 Counterfactual Input N
(A) Positional &, lexical % r_
and reflexive V= binding info [O ‘
is written to entity tokens J
(B) Binding info is I
o) @ 3 %9 | ‘meriedentty | [F®
N a0 W) GNe Q
1 ]‘:"‘ﬁ-=. ~~~~~ _____ EE == ]
1 i i SRy s == e ===
v o v @ vo Vo vo \
ae a0 19 ae A -
)l = 1/ I %
(v& 120 ‘r<z> V& "r@ ‘v®| "r@}/ V& ‘ ‘ s
Le oo (o e (9o [o e =
\joe loves ale Ann loves Pete loves Tim loves What does Ann love ? J
o
e . . (C) Patching last /
Ongmal Inp"'t token position ol
[\. @] [‘FP “| [1,?. @“l [?. “| acr:os.s exar.nples Xy
l ® Lq\ 0| lq\ ol l°\0| splits the signals Q|
. fExi_Eﬂfﬂh “we E“s’tmnar@ W v — rmm- —
L Ann loves ale Joe loves Pete loves Tim loves What does Tim love ? )

Gur-Arieh et al. 2025 Mixing Mechanisms



~

4 Original Patched

Ann loves ale, Joe loves , Pete loves
, Tim loves tea, What does Tim love?

Let's try it
out!

exercise on . : ,
Under intervention, the three mechanisms
WO rkbe N Ch diverge in the entities predicted

Logits
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Conclusion

Testing hypothesis through counterfactual pairs

e Change variable value, change output, rule out alternatives

The same counterfactual pair can distinguish different hypotheses

e Because they predict different outputs for the same intervention

We apply causal abstraction through constructing counterfactuals

e This can help us discover algorithmic primitives, like pointer-reference
mechanism in transformers!
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