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Abstract

The need for simulations larger than a single host or even cluster can manage is becoming common, and
simulations which require specialized hardware from geographically distributed sites are everyday occurrences.
Communications latency generates lag within distributed simulations, creating inaccuracies and event causality
violations that at best may put simulation progression and final results into doubt, and always prevents
repeatable, verifiable results. This problem is catastrophically bad for building trust in Artificial Intelligence-
enabled systems via simulation, the costs and risks to replace simulation with live training may be unpalatable.
Decades old ubiquitous engineering assumptions about latency in networked simulation communications are
treated as inescapable in seminal papers and textbooks, preventing any progress on eliminating the lag problem.
This work has discovered that those engineering assumptions are not absolute, they are implementation
dependent. This enables a new hybrid simulation architecture that is not subject to inescapable negative lag
effects. The Lag Erasure simulation architecture enables lag-free distributed simulations which are uniquely
repeatable and verifiable, this enables a level of confidence and trust in simulation results impossible to date.
The scope of this advance is widespread, lag effects crosscut all distributed shared worlds including: Command
and Control (C2) systems, Live Virtual Constructive (LVC) training, multi-platform weapons systems, multi-user
virtual/augmented (VR/AR) useful for both training and field operations, the online gaming community, especially
the massively multiplayer online games and battle arenas, and development of shared massively multi-user AR &
VR applications that constitute the long-anticipated metaverse. Lag is their enemy no longer.
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What is Lag

and

Why is it bad?

Meme screenie credit to internet, Skyrim and Toy Story sources
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Lag as a Misalignment of Timing Expectations
Breaking Cause and Effect

* Player-A initiates an action sequence * Player-B initiates an action sequence
moveHandTo (target) and sends releaseBalloon() and sends an

an action message to Player-B. action message to Player-A
* This may occur before or after Player-B * This may occur before or after Player-A
initiates the releaseBalloon() initiates the moveHandTo (target)
action, either way neither player’s action, either way neither player’s
message is received prior to taking message is received prior to taking
their initial action their initial action

* On Player-A’s display their hand moves * On Player-B’s display they see the
and the balloon in Player-B’s hand balloon fly away, Player-A misses low
pops after a split-second by a split-second
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The First Distributed Simulation,

Why is lag still a problem?

* Consistency-Throughput
Tradeoff

*Textbook doctrine

*The lag equals latency assumption
Therefore can only minimize latency

*[ ag Compensation
—To hide it, not fix it

SIMNET was in 1983

2003

HoASL E= 2L FE E
= TR
' ®

S&Z: It is impossible to allow dynamic shared state to change frequently and guarantee that all hosts simultaneously access

identical versions of that state.

S&O: This is a fundamental property of NVEs and other realtime systems if they run in what is called an asynchronous mode,
meaning that they evolve their state without waiting for the network.

SIMNET 1983
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Live Virtual Constructive

How to Train Your Al-Tactical Assistant?

* The only sane answer is simulation
* First, purely virtual
* Graduate to LVC simulations

* Participants distributed all over the place

* We already “bet the farm” on LVC for large-scale
training
* So use it, but fix it!
* Nobody sane can accept training an Al in
an environment as broken as the next
slide...
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‘living with lag - an oculus rift experiment’ [ume.net 2014. http:/livingwithlag.com]

Y3 of a sec lag injected via an external server, ume.net is a cable television delivery provider using the marketing claim they could
beat this lag with their low lag networks
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Kobayashi Maru - The No-Win Version
tlag = tlatency + talgorlthmlc

Rempte S (Perceived) Lag (t,ag) :
1 s b ]
I ? ; 1
pre-transmission 4 e remote delays
delays H transm;tssmn )Iatency ; until posting
I (talgorithrn1) 1 4 e 1 ‘. (ta>gor|thrn2)
I I I il
0
S O ~ 0O O <
v \J " © — 7
t, t, (2] ty
event event posts
posted at transmit receive at remote
origin hosts
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Kobayashi Maru - Changed Rule Version

0 = Liatency * Lalgorithmic

: Speculative Evaluation by originator (t.,) :
I 1
pre-transmission remote delays

transmission latency

delays t ) until posting
(talgorithm1) ety (talgomhmZ)
} 1 1 =
0
—o0 0 0 %
i, i, ty fy
event computed event
locally, transmit receive posts,
for posting at t, all hosts
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Kobayashi Maru - Changed Rule Version

—t algorithmic =1 latency,

SpeculativeEEvaluation by originator (tiow) :
1

1
1 ;
pre-transmission S : remote delays
transmission latency f 7 i
delays (t ) : until posting
(talgomhm1) : ety ‘ g (talgomhm2) :
I T ] 7l
—o 0 o &
ts t, ty t,
event computed event
locally, transmit receive posts,
all hosts

for posting at t,

the idea is simple, how to get there from the starting point of time-step simulations is not obvious
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How Do We Do That?

*Lag Erasure
* An Asynchronous Discrete Event Simulation (ADES)
* Using the additional technique of Speculative Evaluation

* Which can be expressed as Event-Graphs that can be
directly programmed via Simkit+Physkit

Speculative Evaluation has been around since 1979 at least

Physkit inherits from SimEntityBase and BasicEventList
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Event-Graphs

* Fundamental
* Cancelling . @
* [teration ;

* Turing-Complete
system

Turing-Complete for operations equality for a Turing Machine, time remains outside the concept
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Event-Graph Patterns for Physics Sims

* Events put into Simkit event list

* Physkit extends two Simkit classes, adding
physics and collision detection support

* Next: the basic pattern and how to detail it out

Physkit inherits from SimEntityBase and BasicEventList
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* Exactly one
startMove event on
the event list at a time
per Entity

The startMove cycle

on evaluation an event is commit to simulation state, and it has exactly the one startMove following it on the EventList

very useful for avoiding event list searches when unnecessary
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How do we use that cycle?

The Hybridized
Simulation Loop

schedule
external input
event

evaluate
entities &
queued
events

[*+—external input event
advance time

—[ update state
to next event,

+ evaluate &
update states,

schedule
advance time evaluate &
to next event, update states,
remove it schedule
from event list follow-on event

schedule
initial
event

follow-on event

No
Simulation
finished

Yes

Cancel follow-on
event, Schedule
resolution instead

Simulation
finished

fixed time step loop +

Next-event loop == Hybrid loop
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Per Entity

The Model Simulation Loop -

t

overlap
startMove

evaluates
broad-phase

(BVH
overlap)

earliest

overlap pair

t

contact

. .
. .
cancel
' ' -
startMove = —
A . .
\\ o Movable in
D (contact) | contact pair
contact 5 Evaluate-

movement
centric

report

(projected contact)

contact response

parameters

Contact

t

response

(contact)

Defense.key - February 13, 2026



Model-View-Controller - Participant

Controller

Model

Based on the original MVC design pattern

external participant Action: example - perform action that produces a detectable signal (not movement)

coherence of distributed state
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State Value

Time Advance

* Fixed increment

Simulation Time

* Tunneling problems

State Value

* Continuous collision detection

* Asynchronous advance

* Continuous state

Simulation Time

bat-ball collision detection

ovenap zone
14 T1om 78% of possible ball starting positions do not put bat and ball both
in collision detection overlap zone at end of one frame’s motion

frame rate 120hz ball-center must

5 629 cm 7.479 cm frame duration 8.33ms start frame here,
37.250m ball travel per frame <— or miss the bat
26.82cm bat travel per frame —>

-~
22

64.07cm total closing motion per frame

both state diagrams approximate the same changes

fixed step snapshots intentionally do not line up exactly
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State Value

Time Advance

* Fixed increment

Simulation Time
* Snapshots
* Tunneling problems

* Continuous collision detection is so
expensive it is not a default technique

bat-ball collision detection

6.
37.25¢m ball travel per frame <—
26.82cm bat travel per frame —>

overlap zone F
78% of possible ball starting positions do not put bat and ball both
in collision detection overlap zone at end of one frame’s motion
ball
bat frame rate 120nz
629 om 7.479 cm frame duration 8.33ms

64.07cm total closing motion per frame <7

W 3

ball-center must
start frame here,
or miss the bat

bat and ball tunnel through each other

Defense.key - February 13, 2026



Time Advance

* Asynchronous advance
* Continuous state
* Continuous collision detection

* No additional cost, no misses—
ever

bat-ball collision detection

Simulation Time

overiap zone

//////,

W—

78% of possible ball starting positions do not put bat and ball both
collision detection overlap zone at end of 's moti

64.07cm total closing motion per frame

24

asynchronous advance is necessary to get longer advances than frame update-rate fixed steps
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Conservative vs Optimistic Advance

*Conservative
*Deterministic Lockstep
*QOptimistic
* Unconstrained scheduling

* Fully independent Logical Processes

Approaches/Methodologies not flavors

optimistic is subject to getting too far ahead, requiring rollback to fix
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The Logical Process (LP)

* Represents a Physical Process
* | P and virtual time

* Threading and full
independence

not really...

* The startMove cycle is the LP
in Lag Erasure

Bl
m@ 2*‘ - ;
t e
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Lag Erasure

*Two Design Components

* The Speculative Evaluation implementation provides the
baseline consistent distributed shared state for most events

* The Lag Erasure layer leverages the above-provided state
consistency and accomplishes the minimum necessary
rework to heal state back to a consistent shared state when
network delays or participant provided inputs cause late
event arrivals.

erasing in a bounded time window — computationally tractable for all distributed participants
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The Speculative Evaluation ADES

. Bvame Lise d == ©%

* Typical eventList o 0l0 e,

*startMove event CyC|e 1.798e+308 StartMov¢

: ** End of Event List
* Complex behavior support

for collision detection
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The Speculative Evaluation AD

*MotionWitness

*Continuous movement
representation

* Rx-Tree

* Culling for collision detection
broad phase

29

Defense.key - February 13, 2026



The Speculative Evaluation ADES

*Rx-Tree3D

*Basic collision detection in
action

*Adaptive step growth at
beginning

*Max step stable at h where
sign of slope changes

Defense.key - February 13, 2026



SingleMoverTes

ations |Usersloren/physkit/

The Speculative Evaluation ADES

*Rx=Tree in Operation

* Intermediate Node leaves-
only (green)

* Red boxes are the leaves
wrapping a
MotionWitness

* they are artificially
retained for this demo
video

* Root/Directory Node (blue)
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The Speculative Evaluation ADES

inqueue[p)]

mb=SEND(s,p,a) — |
R=GET_REPLY(mb) < |

* Multi-thread simulation brep requese 2| 1

* Regions as protected
service process

Algorithm 1: The RegionalSchedule, a wall-clock synchronized event scheduler.

1 begin

device

= 2 | oneFrame_ms «— frame length in ms b
*RegionalSchedule : | Wi ! o) |
s do i
s while inboxhasContents() do /* process inbox */ | Necccooon A
3 e « inbox.remove ()
7 EventList.add (e)
s maxSleep « delay duration from now for synch with wall-clock ocess
. if maxSleep < 0.0 then
0 | reworkO /* see Algorithm 2 */
u if maxSleep > oneFrame_ms then /* wall-clock sync */
2 | SLEEPGmaxSleep) /* also wakes on inbox.add() */
1 while maxSleep > oneFrame_ms
i CurrentEvent «— EventList.pop()
15 CurrentEvent.evaluate ()
32
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peter’s slide

The Speculative Evaluation ADES

inqueue([p]

* Multi-thread simulation

* Regions as protected
service process

*

inqueue[s]

;rep request a
mb: (s,p,a)

=SEND(s,p,a) — |
R=GET_REPLY (mb) + |

p
user process

service process
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The Speculative Evaluation ADES

* Multi-thread simulation

*

*RegionalSchedule

1

2
3
N
5
6
7

Algorithm 1: The RegionalSchedule, a wall-clock synchronized event scheduler.

begin
oneFrame_ms « frame length in ms
while running do
do
while inbox.hasContents() do /* process inbox */
e « inbox.remove ()
EventList.add (e)
maxSleep < delay duration from now for synch with wall-clock
if maxSleep < 0.0 then

L rework() /* see Algorithm 2
if maxSleep > oneFrame_ms then /* wall-clock sync */
L SLEEP (maxSleep) /* also wakes on inbox.add() */

while maxSleep > oneFrame_ms
CurrentEvent «— EventList.pop ()
L CurrentEvent.evaluate ()

34
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The Speculative Evaluation ADES

* Multi-thread simulation

* Interlude for a live 4 thread
simulation scenario

PK_MovingEntity

doStartMove(Mover3d)

PK_MovingEntity
computeNextEvent(time)

MotionModel

oldSM, PhysCl

returns SM

PK_MovingEntity
evaluateBroadphase(SM)

R'Tree3D
updateEntity(Entity)

35
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The Speculative Evaluation ADES

* Moving between Regions

* Entities only in one event list—ever
*Liminals

* Passed via Region.inbox

* Not put into incoming event list
until situation-C

Owning Region incoming Region

36
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The Speculative Evaluation ADES

* Enabling requirements

* Functionally equivalent code

* Same results within some
tolerance e

* Owning Hosts

* Authoritative results

37

equivalent results across physics-related computations
implementation / language / platform independent

Defense.key - February 13, 2026



The Speculative Evaluation ADES

* Broad phase (culling)

* Exit Collision Detection
ASAP

* Capsule Geometry

209 order trajectory =~
{ P

Algorithm 4: Time of Bounding Sphere o Bounding Sphere Contact

1 Function timeAtContact( py, p,, Vi, V2,21, 22,71, 72)
Ve V2o VLA - A1, 0 — VW0, Gy 8 WO

0 then /* opening motion */
4
5 then /* non-accelerated closure */
6 if |v|| = 0 then /* parallel motion */
7 | return —co;
s | else /* velocity-only closure */
5 t — compute standard linear time-of-CPA;
n compute new posits for both objects at time t;
1 distance « compute distance berween new posits;
12 if distance > (ry +r2) then
1 | return
m elseif distance < (ry +r2) then
15 ‘ return  — (\/(r) + )2 = distance?/||v|));
16 else
” | return;
15 else /* accelerated closure */

i magToTravel « |lwo|l = (ry +r2):
w | velocityMag «— 2~ [[a]l - magToTravel + 5, :
2 1« (velocityMag - v,)/||all;

2 compute new posits for both objects at time t;

23 distance «— compute distance between new posits
au | if distance > (ry +r2) then @)

magToTravel=lwI-(r, +r,

»,

3 | | return —oo;

2 else (7 .
A

v | | returns; positon determined @ 12/

38
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Speculative Evaluation and Latency
Hiding Limits

* The Lag Erasure architecture
targets simulation models and
events at human scales intended
to support real-time human/
equipment/world-in-the-loop
applications

* Not designed for high-frequency
updates

* Not a substitute for a bad network

39
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The Lag Erasure |ayer

* Necessary
due to
external inputs
& participants
or excess
network jitter

Controller

Behavior

BasicMover3d

Coverap

(BVH overlap)

contac response
porameters

External Participant

fobiere
delay

schedule 5 Acivate Gomponent ),
Entiy [ TT T =TT S (pusn)
T T 2
(boolean Sondition) Adust Display Control
P - Schedulesevent “Wigge (push)
" onlyiftrue
' ! g Paricant sensing =
Widget commands L s [ Vossizont ool Enes (pul)
\eeeeanoe. [ External Network
flow,

View Event Scheduling Component data flow

40
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The Lag Erasure |ayer

Remote’s (Perceived) Lag (t;,;)

* Speculation vs. traditional timelines I
. pre-transmission A A remgle de_\ays
controls scope of problem on inputs e : el IUR:.::;«.;Q
(I) T T ST
Early — o o o—
) t t €]
event event posts
posted at transmit receive at remote
origin hosts

Speculative Evaluation by originator (t,)
1

r
remote delays

pre-transmission
elaye transmission latency A
(Caigorto?) o, (Caigoriom)
I 1 1 1
I T T 1
«—O &
@ % O—
it it Ly f

event posts

receive QN time,

all hosts

event computed
locally, transmit

for posting at #,
a1

Late
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The Lag Erasure L ayer - Rollback vs. Rework

*Rollback
*Unconstrained
*Network communications

*Not compatible with real-
time simulations

* Rework

*Highly constrained scope
due to the Latency
Compensation Window
(Lcw)

*Local resolution

*This. Erases. Lag.

Algorithm 2: The rework algorithm.

1 begin

2 if authoritativeEvent matches local version then

3 L assign authoritative binary starting values to local event
4 else

5 reworkTime «— authoratativeEvent.startTime

6 reworkList < shallowCopyOf (archivedEvents >= reworkTime)
7 for eachEvent in reworkList do

8 entity.reworking < True

9 entity.evaluateEvent () {

10 if required then cancel existing follow-on eveni(s)
1 if required then schedule new follow-on event

12 }

13 entity.reworking — False

42
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Use Case Possibilities - Shared Worlds

%))
* AR for collaboration
* Everyday AR for traffic safety

None of the above are workable
* Multiplayer gaming (MMOG/MOBA)

bad latency effects, professional competitions
over in-person LAN only

* Perfect Playback
* Digital Twin reality

* AR in the cockpit (sensor dynamics)

43

massively multiplayer online game
multiplayer online battle arena
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Contributions
Big Picture

* This dissertation's primary original
contribution is the Lag Erasure set
of algorithms and architecture which
provide users a lag-free distributed
simulation.

* The Lag Erasure architecture
includes novel handling of time
offsets to decouple network latency
(including jitter) effects from
maintaining distributed shared state.

Enabling Details

*

*

Defining and implementing the
Latency CompensationWindow

Providing the Speculative Evaluation
of physics-based simulation events

The result of a consistent shared
distributed State (previously documented as impossible)

Enabling consistent LVC and C2
interoperability through this consistent
state and physically-based
simulations

a4
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Conclusions
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Conclusions

Except we just did

2
=
3
£
=
5

movie graphic with copyright lettermark —used under free use
box: royalty free https://stockcake.com/i/warehouse-corner-storage_1860145_1291652
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Conclusions

* The Consistency-Throughput Tradeoff
remains relevant

* But the impossibility of dynamic
shared state maintenance is put in a
box in the corner of a now greatly
enlarged simulation operating
environment

* Consistent distributed shared state is
now possible

47
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Recommendations for Future Work

* Near Term * Downstream
* Perfect Playback Event * Everything on the Use-Case
Stream Archiving slide

* Networked Implementation  * Formalizing arbitrary
Testing branching What-if?

= explorations
* Lag Erasure capability P

expansion * Online Games - Security
Through Ubiquity

Doctor Strange style explorations of a problem space
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free use : https://www.pngkey.com/detail/u2q8a9y300a9u2u2 doctor-who-tardis-drawing/

Desktop image capture from internet, Artist Mike Horn for SF Fleet Week, capture from “I Left My Star Destroyer in San
Francisco” 2009
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Distributed Compute vs Distributed Sim

The World

* Similar seeming problems

* Dynamism of continual
change

* Not a database problem

* Discrete states vs.
continuous state
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atime 1 compute approximation:
Py =Py Aty v - vy Ata,
detemine @
‘package and wansmit {¢;, P}, ¥, @} over network.

packet arives at destination
repeat every At

\:A

avtime 1, ia (A

A A,

package and transmit segment {¢, 5, Pp. Py, @y} over network
posible for AY o belarger than network ltency, llowing packets (o arive at
destnation beore they are nceded
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MVC-P

Controller

Control Widgets

Visualization

Model

Evaluate

Al/
Automation

Network communications

Entity State

\\ 11}
External Participant \
Observe v
Actvia ) del
ool |2 Observe Adjust vi
input
Multi-Si Rendering of
Aorient \ Model state
AAct delay delay _ )
ADecide Multi-mode
Decid delay )
behavior Orient -
o0DALoop View
y,
Activate Controller Control Widget outputs assive data
( (physical world) puS] PUTS Data flow

54
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MVC-P

* |solation of the Model
and View data flow

Simulation Logic

Visuals Handling

Model Pool: Non-Browser Specifc Code

(add), (deiete)
[Entity: notify observer]

VisualPool: Browser Specific Code  [GraphicsElement: update observer]

(add), (delete)

Lrame

Scene
(Draw)

Scene Graph

update
loop

(update) iterates through

VisualPool interpolating current

positions and orientations based

on entity state (siart posi orentation &
e, At velociy, angular velociy) and
updates scene graph elements

n
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Sphere-Swept Volumes

n
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