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G Channel Talk

OverVieW We introduce RoToR: a zero-shot order-invariant Language Model, with (1) Global Sorting + Circular Position IDs and (2) Selective Routing for Mixed Inputs, which
achieve SOTA robustness on 3 benchmarks & 25-45% lower FLOPs v.s. Baselines (PINE)

Which one is red?| Which one is red?
Motivation: Positional Bias for Listwise Inputs A. Apple A. Orange
- Lost-in-the Middle (RAG) 8. Orange B. Apple
- First-choice bias (75%) in LLM-as-a-judge C. Grape C. Grape
- MMLU rank shifts by 8 with shuffle -> need neutral handling for sets, tables, multiple-choice questions Answer: O |Answer: X
- Zero-shot invariant LMs have been proposed as a solution, but had 2 limitations: -> A. Apple -> A. Orange

Limitations of previous Zero-shot order-invariant LMs Query Q4 _—+Posiion D of keys K Different (with query) _Similar _Cirular assignment

l PCW drops this inter- Ba an Baua

- Limitation 1: Training and inference distribution mismatch gﬂ;ﬁ:]evr:fannf ;tgeggé(x - queny =key iy ﬂ Sigﬂf,ﬂ;ﬁgﬁggm .B.ﬂ am

- PCW, Set-based prompting: No cross-segment content - o u Ban uaa

- PINE: per-query sort -> O(O(nz) + instability Example of order-sensitive and frder-lnvarlant cases u BB.E B.Ba
-

- Frequent ID changes cause OOD behavior -> drops its

ability u
- Limitation 2:dFaiI to extend to real-life scenarios (order- \i N ser L ter Which one .Bana B.Ban .Bana
i Vggggtnztoéoigi?jeerr‘,sglavnerzot be applied to hybrid cases (e.g., 5. program counter| - B. program counter e e .Bnnanaaaaana
MMLU) C. both A and B. C. accumulator monkeys? .Bana a.ana .Bana

In 8085 name/names of the 16 bit registers is/are:] Grape (G)

o _ | _ o — D. none of these — D. microprocessor Causal LM (order-sensitive) : PINE 5 RoToR (ours)
PINE: Bidirectional processing with Q-K similarity 1 1 1
- Has to obtain the same attention representation, regardless of initial ordering of segments 12 1[8 3 4 5 102 3 4 5 8
. . . 1.2 3 118 9 3 45 112 3 4 5 8 9
- Places query IDs last, sorts other segments in a order-invariant way [2T3 e - 345 2345867
Challenges of PINE 1[2]3 102 3 3 45 112 3456 7
. "yt . " 1.2 3 6 116 7 4 5 1 4 5 6 7 8
Frequent glteratlons on posmon IDs (layer, head, suffix, generation tokens) . TaTs 17 e 7 oTals 1 5 0OE
- Computationally expensive 12 3 6 7 8 16 7 3 8 102 3 67 8
- Numerical Instability (arising from attention assignment) T121O Ry 6.7 69 1 3189 e s off s o
1.2 3 67891 189 5 6 7 10 1 456 7 8 9 10
1]2][3 678911 145 723101112345‘891011—

Proposed Method: RoToR Attention matrix of original model Attention matrix of PINE PINE, shown by position id
- Keep the bidirectional structure, but alter the position assignment in a simple and

Position Assignment of Key Token ->

stable Way! Roles: %Ulgr{: 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
- Define a single global ordering + circular assignment prei cvor N e —
- We propose three different global ordering methodology: (1) Lexical: Hierarchical sort 1 Apple T2 Start
. . . Segment Attny,p,s scoreson T2 : \ T2 —&» T3 T4 352
on tokenized ID numbers, (2) Reranking (monot5), (3) Frequency-normalized oien Ban- (T, ~J e . 13 T ) ~) ,g .
_ . . . . . -ana T4
1. Training and inference distribution mismatch s Orance 8 S8 82 =
- Stable, order-invariant solution (RoToR) — whichone B8 4 End
- Query-agnostic global ordering with minimal positional ID modifications s most  T7
2. Fail to extend to hybrid cases Tk relatedto T8
- Selective Routing, which switches between original / invariant LMs based on confidence the color |8
~ Similar Different Global Order Generated 7 .
I e > Token A:ltis T11

Query
AttnNoPos: / \
0.75 0.54
.

'

PINE RoToR

0.99 0.59

Selective Routing
Listwise Input

PINE: query-dependent grid, RoToR: (e.g., MMLU) - Answer: A ~~._Answer:
fixed order, rotate per query A T BB Probabiity: 0.5 + a (02) -‘

-> Stable IDs, zero collisions, less

0.52 0.16

Invariant Model Rau\ s
. —_—
computation (RoToR) Probability: 0.8 /
E . t I S t Effi c i e n c Model Benchmark ‘ PINE RoToR Reduction
xpe rl m e n a e u p - MOdeI baCkboneS - y (a) Overhead FLOPs, relative to original model
5 o " - Llama-3.1-8B/70B 1 - a3 p.  MMLU, N =4 059x  0.55x  7.6%
= : - : o LtM,N=1 . 4.81 1.9%
enc '.nar S : : - Qwen-1.5-4/7/72B-Chat 55 computation 8B-Instruct Liﬂﬂ\\; N=38 272.(11732 15?05? gz.g;
- Lost-in-the-Middle (LitM) Metrics: best sub LitM). EM. F1 - Overhead FLOPs 1 98 % (72B) ’
K ledge Graoh QA (KGQA): Mintak - Metrics: best_subspan_em (LitM), , F 1, . Llama-3.1-  KGQA, N = 30 127 094x  26.0%
- Mrllv(l)l\_NUe g? trap g ( ): Mintaka Acc. (KGQ A) Acc. (|\/||\/|LU) - Faster: 70B-Instruct KGQA, N = 50 1.82x  1.29x 29.0%
- : _ _4AR©° ' 1.5-  KGQA, N = 30 0.45x  0.01x 98.0%
\ - sehec:I lve rou ![ngtcases A . - Methods: Original (order-sensitive), PCW, Set- E2E Latency | 23-43 % on LitM %v]v;_réhat KGgA N30 Q45 0L o80%
- LON enc ong context scenarios endaix - : ’ ' '
g g ( pp ) based promptlng, PINE ROTOR Reduces OOD o (b) End-to-end latency (s)
- Perplexity 1; collision rate 0% Llama-3.1- LitM, N = 10 57352 44219  22.9%
KG Q A 70B-Instruct  LitM, N = 20 87,001 58,680 32.6%
MMLU, N = 4 7371 6,608 10.4%
| Igllga’;‘a'f'l't LitM, N = 10 18,551 14,264  23.1%
| Llama-3.1-8B-Instr. | Llama-3.1-70B-Instr. | Qwen1.5-4B-Chat | Qwenl.5-7B-Chat | Qwenl.5-72B-Chat - Top-30 and Top-50 knowledge triples per query THSHUCL M, N = 30 41,664 23,569  43.4%
Method |Acc. EM  Fl |Acc. EM Fl [Acc. EM Fl |Acc. EM Fl |Acc. EM  Fl  _ Tast before / after shuffling segments to see (c) Perplexity & Collision rate, (on LitM)
nitial, no shuffling of segments : " 8B-Instruct  Collision rate (N = 30) | 42.3% 0 (None) -
Original 502 440 519 | 61.6 577 636 |307 279 349|315 278 354|414 377 437 E_OIOR Obr:ca'ns |Owe:hstdeF\>/| [(\leetter stability) +
PINE 51.5 450 526 | 63.1 587 648 |31.6 287 356 323 288 364 | 467 429 490 iaher performance than 2T /R - R
RoToR 53.1 465 541 | 63.6 591 652 | 320 290 357 343 298 377|475 432 492 9 pert . Liama-3.1-3B-Instruct | Qwenl.5-4B-Chat Qwenl.>-78-Chat
RoToR-MonoT5 | 51.6 45.0 52.5 - 323 291 362 | 329 284 363 _ - Trend persists for > 70B model variants Method Init. Rev. Avg. Init. Rev. Avg. Init. Rev. Avg.
RoToR-Freq. 526 46.1 53.7 - 323 292 360 | 337 295 372 - Orig. 683 648 655+1.0 536 519 526+06|60.1 56.6 586+09
After shuffling segments, averaged over 3 seeds : . : PCW 57.0 55.1 56.1 £1.1 - -
Original 195 433 510 | 621 578 640 | 301 275 347|314 273 350 | 410 376 436 - Single use of Order-invariant models Set-Based Prompting | 31.1 33.0 31.6+ 0.8 - -
PINE) stdev. (%) 51%.07 /4%1;/0.1572 o | s ;).37;2.;0/0.2619 310.541/£)§47/0.43:f5 ] 320'326/(2)5%/0'2395 , 4609.75 /‘;)34:(;/0.3292 fall, but selective routlng restores —» PINE 648 633 63.61+07 505 493 494405 | 570 544 558+09
< stdev. (&) 0.05/007/0.16 0.13/0.04/0.10 020/0.18/0.13 0.17/020/0.13 0.18/020/020 daccuracy & Improves performance. RoToR 63.2 626 628=x0.749.6 477 483x0.7 | 565 558 56.2=x0.6
RoToR 528 462 538 | 635 59.1 653 |31.8 288 355|342 299 377|474 431 49.1 — +S.R. 685 651 657+09|537 518 526+0.6 | 60.1 574 58.8+0.7
— stdev. (&%) 0.0570.0570.02 0.11/0.07/70.08 0.05/0.0270.09 0.09/70.07/70.06 0.06/0.04/0.07 _ On Llama_3 1 _8 B'InSt RoToR - MonoTS5 64.2 62.9 63.54+ 0.5 497 47.6 48.7 + 0.7 56.2 54 .4 555+0.7
RoToR-MonoT5 | 51.6 450 52.6 - 324 292 363330 288 365 - : : < +SR 684 652 658109 | 538 519 52.6L0.6 | 601 573 58708
— stdev. (+) 0.12/0.06/0.10 - 0.04/0.02/0.13 0.12/0.09/0.07 - - Origina| model fluctuates performance while o . : ‘ : ) ' ) ) ) : ' :
RoToR-Freq. 52.5 459 535 - 323 293 36.0  33.8 29.6 374 - _ _ ’ RoToR - Freq. 643 63.6 63.8+0.6 |499 476 48705 | 564 547 557=x=0.7
< stdev. (+) | 0.10/0.15/0.11 - 0.13/0.16/0.09 0.04/0.00/0.09 - ours (RoToR) maintains stable < +S.R. 68.5 653 658+0.8 | 537 523 526+0.6 | 600 573 586408
N =50 RoToR + S.R. (Oracle) | 750 719 727+1.0 | 61.8 60.1 61.1 1.0 | 68.1 662 67.2+0.7
Initial, no shuffling of segments l , . ,
— Performance with ndoc=10 Performance with ndoc=20 Performance with ndoc=30
Original 500 440 517 | 626 585 645 |31.6 286 358|317 280 357|421 387 445
PINE 51.6 45.1 526 | 64.1 598 658 | 31.6 288 353|320 285 359|480 44.1 499 C 65.0 - 65.0 - 65.0 1
RoToR 529 460 53.6 | 646 600 662 | 327 296 362|343 30.1 38.0 | 484 443 503 thM
RoToR-MonoT5 | 52.4 454 528 - 323 293 359 | 329 289 36.6 _ 62.51 612% 61.4% ib% 6251 ook 61.0% 61.2% 61.2% 1%  °27 7] 609% 607% 607% 60.8% 60.8%  607%  60[7%
ROTOR-Freq. 53.1 46.4 53.7 - 323 292 361 335 295 372 — 00 * 60.0 ﬁq —& *— -9 60.0 r—eo o—@ o —& o
After shuffling segments, averaged over 3 seeds v = - —e v - v ' . - e
. c 57.5 c 57.5 c 57.5 4
Original 497 435 510 | 62.8 585 645 |303 276 350|316 279 355|421 389 447 % 5 5
— stdev. (£) 0.34/0.28/0.46 0.29/0.28/0.05 0.26/0.24/0.35 0.40/0.56 /0.42 0.30/0.40/0.35 E 55.0- : a5 0 ) G o ——t —— —e £ .t 0 4
PINE 51.8 453 527 | 643 598 659 |31.5 287 353 317 282 357 | 48.0 443 50.0 3 , ; ‘\ 5 P Y
— stdev. (:t) 0.15/0.16/0.19 0.16/0.15/0.14 0.17/0.20/0.21 0.18/0.16/0.14 0.02/0.04/0.05 52.5 4 & °f'9 52.5 1 = = 52.5 -
RoToR 527 459 535 | 645 600 66.1 | 325 296 361|342 30.1 380 | 483 443 503 —e— pine \o
< stdev. () 0.05/0.09/0.04 0.02/0.02/0.01 0.11/0.06/0.09 0.06/0.05 / 0.04 0.05/0.09/0.05 0.01 —e— ours 50.0 - 50.0 A
RoToR-MonoT5 | 52.2 452 52.8 - 323 294 359|328 288 36.5 - prp ours-reversed
— stdev. (£) 0.16/0.18/0.18 - 0.16/0.13/0.07 0.16/0.09 /0.07 - —®— ours-monot5 47.5 1 47.5 -
RoToR-Freq. 53.1 464 53.7 - 324 293 36.1 | 337 29.6 37.4 - - . , , ' . . - ' 1 - ' - ' . - - ' - '
— stdev. (:l:) 0.02/0.07/0.03 — 0.09/0.04/0.06 0.04/0.16/0.22 — v - : . o — & »0 - G des 24 45a ’ ? = - -~ - -
Gold Index Gold Index Gold Index




