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¢ Introduction

O Mixed-integer Linear Programming & Quantum Computing
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Introduction (1/7) - MILP Application

d (Mixed)-integer Linear Programming

ROUTE PLAN OPTIMIZATION

BEFORE [

Route Planning State

i Amplitude
Energy Management LLM Task Scheduling o)
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Introduction (2/7) - Quantum Computing (QC) @ %
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Quantum computers

@VAN

create vast multidimensional
spaces

in very WAVNE]= problems.

translate them back into
what we CAN use And understand

Classical computers

to achieve the same.



Introduction (3/7) - Quantum Computing (QC)

O What is Quantum Computing (QC):

harnesses the principles of quantum mechanics—superposition, entanglement, and interference—
to process information in parallel and probabilistic ways, enabling solutions to complex problems.

* A Toy Example: “Mystery Coin” is Heads or Tails f(x)

/CIassicaIComputing \ Constant

0% Done with transistors, Balanced? ~.
oo which can be O or 1.

Quantum Computing \

oooo

Done with superposition
0y =1/ (10} + [1))

f(x) One Query

First £(0), ~ Same=>C
Qen f(1). @ Differ - D
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Introduction (4/7) - QC vs. Classical Computing
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ﬁ Advantage

m Disadvantage

CPU
(Central Processing Unit)

Versatility to Classical Algorithms

Limited Parallelism -> Slower*

QPU
(Quantum Processing Unit)

Quantum Parallelism/Tunneling

* Limited & Specialized Cases

I 11 <& Quantum Annealing (QA)
[} (QDC) Digital Quantum Circuit =
cdge Vertex
Tl IBMQ 28
Tl Tl System
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Introduction (5/7) - QA vs. DQC (MFG)

Digital Quantum Circuit Quantum Annealing
oo l
9o _ ~0 ! 1l 5760
| 433 11
" IBM Q e | EEWEVE
" -3.—f||7(2 . 1, Osprey 1l Advanced
¢t 30 1l 1l
 Continuous/Discrete (VQA, QAOA)* * Discrete (QUBO, Ising)

. : Better performance is not Guaranteed. 1. : Need to translate/reformulate problem

Wilkinson Microwave nitropy Probe




Introduction (6/7) - QA vs. DQC (MFG)

High Energy (b) ()
Superposition n 1 Higher
state probability
of lower state
& ‘ - Applied ; R b
M 7N q b i
Low Energy | \;_) % ) maﬁgztlc N
A matter of microseconds.
>
- . . N\ /7 ,
5760 Initial Qubits Qubits are entangled. * Inputs’ energy are set.
D:LJDUC Superposition at At state of many possible « Lowest energy is at or
Tre Qusncum Computng Company~ |0)s and |1)s. answers. closes to the optima.
Advanced Not yet coupled. Couplers & biases applied) \. Energy - possibility
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Introduction (7/7) - QA in D-WAVE

Core idea: Encoding the objective function as the eigenvalue of the final ground state of
Schrodinger equation, based on Adiabatic Quantum Computing Model

o€ {-11}
Energy
t A(s) ~(4) Spins interact with
Blﬂmhwﬂmtd'dm Hyy — — -
& 2 (Z Oz applied field

AN i
y = /\ Initial H;;niltonian
______ \J"""“' Neighboring
) s
“““ > \/ (Zhi T2 +ZJ"J’“’ z) <«—— spins interact

Tunnel effect \ ] . with each other

"
Final Hamiltonian

Solution

OO , S (G
X OO0 ‘%‘ ®<>®

Ising model D-Wave Q Annealer Solutlon
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¢

¢ Work 1: Hybrid Quantum Benders' Decomposition (HQC-Bend) for Mixed-integer

Linear Programming and Python Package
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Data centers use more eletricity

Renewable ener
gy than entire countries

resources is many
Domestic eletricity consumption of selected

countries vs. data centers in 2020 in TWh

Nigeria [l 29
Colombia - 73
Argentina _ 124
Egypt [ 153
South Africa _ 208

Data centers m 200-250

Indonesia _ 266
Uk [ 256

@O  Source: Enerdata, IEA

IDC server room
devices are complex




Work |I: HQC-Bend for MILP

Binary variables: x € B

= & O &d 9

Continuous variables: y € R

g» g '|mJ 6




Work |: HQC-Bend for MILP

O (Mixed)-integer linear programming Problemtype  Example Problem

Turing Halting Problem
max ¢'x + h' ]
X,y Ty max c'x NP-Hard (M)ILP
X,y
st. Tx = p st. Ax <b NP-Complete Graph 3-coloring
Ax+ Gy <b o
x €7y € R™ SIS NP Factoring
?

* MILPis NP-Hard, P Graph Connectivity

* |tcan't be solved in polynomial time*.

NP-
Complete NP
Complex

UNIVERSITYof ECE

Enumerative Methods

Branch and Bounds
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Work |: HQC-Bend for MILP

max ¢'x + h'y

X,y
Consider a Mixed-Binary LP on right-hand-side, st. Tx < p
Classical Benders’ Decomposition Algorithm is: Ax+Gy=b
) xeZ",y e R
1) Solve the master problem (MAP). Obtain solution X and A. max ¢'x + A
X,A
2) Determine A by solving the dual of the subproblem (DSUB). st.Tx <p Master Problem
3) If DSUB is unbounded. Add the corresponding feasibility cuts (b—Ax)Tu* >\ forke K
to MAP and return to Step 1. (Feasibility Cuts). g\b _RAX)TTI; =20 forjeJ
_ cR,xcB"
4) Ifthe DSUB objective value < A and finite, Add the Optimality A
Cuts to MAP and return to Step 1. (Optimality Cuts) Feasibility Cuts Binary
— or .
— < i x solution x
5) Iff(|A 4|) < 7.then we recognize the current x solves the Optimality Cuts |
original mixed integer program, with optimal y equal to the _
' . . - min (b — Ax)"u
solution to the primal subproblem withx = x . u
st. GTu>h DSUB

e
uERJr
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Work |: HQC-Bend for MILP

Algorithm 1 Hybrid Quantum-Classical Benders’ Decompo-
sition Algorithm Obj

xT diag(c)x
Require: Initial sets K of extreme points and .J of extreme

%cl):oig Connection + Z Wiy i 2 Wi g — Zw (tmt,) 2 Wit (1)

i=—m J=
N e oo Var.
while | A — ) |> € do _
- = I k

P < Appropriate penalties numbers or arrays Opt. Cut + Z P | A(w) + Ax + Z 2 Skl —blu

Q < Reformulate both objective and constraints and ke K
construct the QUBO formulation by using corresponding 2
rules ;

J l T

x’ < Solve MAP by quantum computer. Feas. Cut + Z B T "Ax+ Z 2 Ski bir’

A « Extract w and replace the A\ with A (w) ied

zpp(x) < Solve the DSUB problem .

A zrp(x) Integer solution

if zpp(x) = —oo then

An extreme ray j of () is found (Feasibility Cut). >
J=Ju ) NP-hard Subproblem

else if 27 p(x) < X and X\ # +oo then i Continuous Variables
An extreme point £ of () is found (Optimality Cut). lnteger Variables

K=K U {k} Master Problem __ X Polynomial Complexity
end if
end while
return X, X

UNIVERSITYof ECE
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Work |: HQC-Bend Python Package

class HQC-Bend_algorithm

0 Package Overview:
__main__(self) Master Problem (MAP) build MAP(self, ..):
Target problem (. QA models )
CPU

minc'x 4+ dTy 1. Hybrid BQM hbgm_solve
> 2. Direct BQM gbgm_solve MAP_Add_C(?nstr
Preprocessing m GPU 3. cam cqm_solve (self, ..):
(self, gurobi.model): 4. Bifurcation Bifurcation_solv f ‘ \
\% QPU 5. openijij Openjij_solve ) Cut-adding
@) | @ Binary Solution(s) | solve_MAP(self, ..): method
threshold_check(self, ..):
Optimal Solution paz> - ( : 1. Normal
| fail KZ' L-shaped)
[Xy] [« ™\ —
R X CPU 1 Optimality
@) 0 /
CPU 2 Feasibility cuts

GitHub Page a o : SUB_normal(self, ..):
https://github.com/di JUIOytier k\ CPU N p SUB_lshape(self, ...):/
S

zts/HQCMCBD-API ubproblems (SUB)  build_SUB(self, .):
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https://github.com/djzts/HQCMCBD-API
https://github.com/djzts/HQCMCBD-API
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Work |: HQC-Bend Python Package

(Target Model) minc™x + d'y
3 st. Ax + Gy < b, Preprocessing of the Target Model
Hx < e, Ce . :
xe By e R™ the target optimization model is
l decomposed into multiple subproblems.
[z] Preprocessing
(self, gurobi.model): E] Decompose Target Model:
@ c,H,e @ d,A,G,b (2] Preprocessing:
! y  Using Gurobi to extract key components:
build MAP(self):
(MAP) mincTx + A (SUBs) (3] Problems Construction:
t. Hx <e, _
° f(’;’x)e % 0, (Optimality cuts), build SUB « MAP (Master Problem):
f(x) <0, (Feasibility cuts), (self, count): . .
A = g(z), (Discretization), SUB (Subproblems).
x € B", \eQ,z e B.

UNIVERSITYof ECE




Work |: HQC-Bend Python Package

@ CPU : Classical Gurobi solver (1-cut), Simulated Quantum Annealing Openjij Solver (1-cut)
GPU : Simulated Bifurcation (1-cut) Ji J ‘ GUROB| . E'I?;Lr’lgfjn

Quantum Annealing Models | D-wave Quantum Service D-wave Hybrid Quantum Service %
1. Hybrid BQM: hbgm_solve(self) 2. Direct BOM: gbgm_solve(self) 3. CQM: cgm_solve(self)

D\ JAUR

The Quantum Computing Company™ » CH
Hybrid Solver Service Schemes.

D-wave Hybrid - t%g /\
f a4

Quantum Service CH

<«

%@ CH = Classical Heuristic Module.
1 Qm QM = Quantum Module.

) 4

| potiey Solution(s) to SUBs
=
CH 1 QM

UNIVERSITYof




Work |: HQC-Bend Python Package

Subproblem SoIving build SUB(self, count):
Logic Flow |

SUB_normal: ‘1 OF = ‘1
Normal (LSUB) ====mmmmm————— » (DSuB)

SUB_lshape: H R ———— w*
| OFLSUB>0 I

L-shape

i

|

|

|

Optimality Cut (OC) (DLSUB) :
(b — Ax)Tw* < A 7 I

i

i

i

1

1

Feasibility Cut (FC)
(b — Ax)™w" <0

Objective Function of * (OF.) FC

v
fobj,*(xa Y) )e e c a(
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Work I: HQC-Bend Python Package

Example Python Code class HQC-Bend_algorithm
[x:y] Optimal
import gurobipy as gp Computing Y .
from gurobipy import GRB, Model, quicksum Platf + Solution
import numpy as np atrorm
import sys
%orun HQC-Bend_notebook.ipynb Master Problem (MAP)

Threshold
check

# Create a new Gurobi model
model = gp.Model(““Example™)

Binary solution(s)
# Set the objective function x*
model. setObjective (c@x+h@y,GRB.MAXIMIZE)

# Add the constraints
model.addConstr(A @x+G @y <=b,name=""constraints’")
# Optimize the model

model.optimize ()

# call the solver

Solver = HQC-Bend_algorithm(model, mode = “*default’”)

min ¢'x+dy
st.Ax+ Gy <b

b3
Solver.run() X C B, Y < R X
Example Text Output FC/OC
The n-th Config file of quantum sampling is created
successfully at F:\...\Dwave info-round-n.7json. (Hyperplanes) x;

create optimality cut 2.create optimality cut i
Round n: Current Obj. value is 9.0; ’
lambda_upper is 17.0; lambda_lower is 11.0; \ |
Relative gap is 54.545%; Absolute gap is 6.0. \ > \

X2 =
x i x1 D x

Subproblems
(SUBs)
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¢ Work 2: Energy Management Problem in Internet Data Center Using HQC-Bend

¢
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Work 2: HQC-Bend in Data Center

T
min prBelo™, x€e€B,y€eR
0

dis chr ,.dis ,.chr .chiller
Up s U 5P s Py s Zjp oy p—

tower nZone SUP . vent
Lt ’Ti,t sz',t ) Uy

The objective function: minimize the total
cost of electricity imported from the grid.

dei

. c,in __ EtHVAC + EtServer + A EgB . EtSolar, YVt

The sum of every energy sources and consumers.
EtHVAC _ e:up + ezrent + eghiller + B?Hmp + e;ower, /¢,

The sum of every parts' energy consumption.

AEF — pghrnchr _p?is . (ndiS)—1’ \v/t. ﬂ
Battery's (dis)charging law

UNIVERSITYof ECE 22
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R

ﬂnternet Data Centeﬁ

o

e i

su vent
e; p €t

HVAC Syts.tem

epumpe chlllerL}geategower

B,state
E

«BEY| (K¢

Misc. j

B B,stat R
& < BT <8, vt

t+1

i+1

Battery status requirements attime t

= B 4+ AEB, vt.

Battery status at time t.



Work 2: HQC-Bend in Data Center

Detailed Formulation TSUP— - PSUD - SUDE
Zone,— Zone Zone,+ 2, — Tt — Tt ’ » o
Ti¢ = T < T ) Vi, . Upper/lower bound of AC temperature

Upper/lower bound of room temperature

heat out Sup out a1r >
Vent 4+ ,Ugut > ,Uvent /¢ \ L; (T Z X1, ) Cp e[@

E IZone

The minimum ventilation air flow speed ‘/ 4 Z Xi (Tzone _ sup) et gy
,U:UP — ’U?Ut + ,Ureturn Vt. jclome
: The sum of heat load in data center
The air flow speed that comes out of the AC 7 heat
chw __ t
Z mchlller chlller > mthw Vt. i my = (T;chwr — thhws) . c;jvater , Vt.
EJchlller
L?eat
Z tower tower > meonw my = pyv— CONWS ter vt.
ZL' my o Vt. (f[’t _ fl“t ) . C;\gra er

J c Jtower

The amount of chiller/condense tower
water to take away the heat.

min capacity of chiller/condense tower water

UNIVERSITYof ECE




Work 2: HQC-Bend in Data Center

Detailed Formulation

su
Ut P _ ,Ugut T ,Uieturn, \V/t. K \
chiller chlller hlller ch111er chiller
e = m; Vt. .
’ | Z;H (%o i) & Return Air flow «
tower _ J tower tower tower tower Vt
€ - (/6 m )7 vent 6vent( vent Vent) \V¢.
jEJtower - =
Energy consumption of chillers & condense towers Energy consumption for ventilation
L [ ]
efump gump 4 18;1)ump conw Vt -H- i Vent > ,Uvent \v/t

Energy consumption of pump in condense towers Ventilation Requirement

max ¢c'x+ h'y
X,y

st. Tx < p Mixed-integer linear programming
Ax+Gy<b (MILP)
xeZ", y € R"

UNIVERSITYof ECE



Work 2: HQC-Bend in Data Center

O Simulation: Comparison Between Classical solver, HQC-Bend with different multi-cuts options

—— CBD_Gurobi
2001 —— HQMCBD_1lcut
HQMCBD_9cuts
m
E 150
=
c
2
(]
£ 100
—
(]
>
)
w

U
o

Iterations

Table 1. Iteration Comparison Between HQC-Bend with different multi-cuts strategies

17.5

15.0

12.5

10.0

7.5

5.0

2.5

0.0

Cumul. solver accessing time (unit: s)

—=—=- HQCBD
—:= CBD_Gurobi

HQMCBD_9cuts

50 100

150

lterations

200

250

Set-up |x| | Iter. of Aver. iter. of (iain Iter. of Aver. iter. of (ain Aver. iter. of Gain
CBD HQCMBD HQCMBD HQCMBD HQCMBD
(N = 3) (N = 6) (N =6) (N =9)
Case 1 | {3,4,5} 33 117 83.67 —28% fif T4 i) (3.3 —42% 06 —52%
Case 2 | {4,2,2} | 24 217 160 —26% | 120 | 125 | 127 127.33 —41% 100 —0n4%
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Work 2: HQC-Bend in Data Center

50
70
1nnm I Frequency 20 I Frequency
. ; 8
= N= 60 — Density —— Density
g 50 5
> >
£ 40 Oz 2 30 z
L 0 (] 0
= ; = 4k
o 30
20 10
HQC Classical 10 g
Histogram ~ o CPU Hist. O
0.00 0.01 002 003 004 005 0.06 0b00 005 010 015 020
Solver Access Time (Unit: s) Solver Access Time (Unit: s)

Table 2. Standard Deviation Comparison

Detail Standard Deviation - Detail Standard Deviation -
3 (zain . 5 (:ain
Muodel Unit: 10 Model Unit: 10

Casel HQCMBD 6.8 Case2 HQCMBD 8.0

The HQC-Bend outperforms the classical approach in terms of

solver access time, Iterations, and robustness.
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¢

¢ Work 3: Optimal Energy Management and LLM Training Job Scheduling for Internet
Data Centers Using Nonlinear HQC-Bend
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Work 3: HQCN-Bend for IDC LLM Training

E\; Motivation: LLM training is a core part of IDC.

# Gemini (Zf Grok G

GPT-3
0 Isthe previous work good enough?
Work 3 Improvement?
=> 2, with @»Q@}
IDC Number ¢ Single = & Wit k)
data link RN
Power i @
_ (= Variable to
consumption Constant LLM tasks E
LLM Training 6 S
Task Scheduling it




Work 3: HQCN-Bend for IDC LLM Training

le;] Background: Token, Reward and Computation Resource.

Dr. Zhu Han is widely recognized as a pioneering force in the fields of wireless communications,
game theory, quantum computing and network science. (GPT-40)

<|im_start|>system<|im_sep|>You are a helpful assistant< 200264, 17360, 200266, 3575, 553, 261, 10297, 29186, 200
|[im_end|><|im_start|>user<|im sep|>Dr. Zhu Han is widely 265, 200264, 1428, 200266, 5822, 13, 151994, 21513, 382,
recognized as a pioneering force in the fields of wirele 20360, 20418, 472, 261, 107046, 9578, 306, 290, 8532, 32

ss communications, game theory, quantum computing and ne 8, 25556, 24296, 11, 2813, 17346, 11, 48889, 34349, 326,

twork science. H<|im_end|><|im_start|>assistant<|im_sep]|
5402, 11222, 13, 487, 200265, 200264, 173781, 200266

>

TJob 6 X N X dmogel,; Performance Evaluation (GPT-like model)
o n FLOPS FLOPs per token =~ 6 x N x dfnodel

NVIDIADGX H100

[FRASTRUCTURE SYSTI

N is the number of transformer layers
dmodel IS the hidden dimension (model width)

UNIVERSITYof ECE




Work 3: HQCN-Bend for IDC LLM Training

O System Model: Multi-IDC LLM Task Scheduling and Energy Management

IDC, LLM,, - LLM,,
IDC, LLM,, ~ LLM,,,

IDC, LLM,; ~ LLMyy,

UNIVERSITYof ECE

NVIDIA DGX H100

ADVANCED ENTERPRISE Al INFRASTRUCTURE SYSTEM

=

#

R

/ Internet Data Center \

O

su vent
é; p €t

pump chiller
e ef Lftleat e:ower

H AtC System

(=EEY)

\IT System @5




Work 3: HQCN-Bend for IDC LLM Training

O System Model: Multi-IDC LLM Task Scheduling and Energy Management

0 Challenges:
Challenges US Electricity Prices

20¢ Midw

— North East

§ M US avera ge
£ 15¢
3

B LLM-Task-model-scheduling-wise:

H
¢ 10¢

* Maximize the netincome;

* Local industrial electricity Price;

* Time-sensitive LLM task completion;
* Limited task data transmission link, which to use?
 Computing nodes with different performance,

which to use?

& concerns in Work 3 in multiple IDC locations.

UNIVERSITYof ECE 31




Work 3: HQCN-Bend for IDC LLM Training

O System Model: Multi-IDC LLM Task Scheduling and Energy Management

OO Challenges: - [_I
— L )
B Algorithm-wise S —> D

e Concerns 1: Generality of the model D_ - -

e Concerns 2: Parameters selection

e Concerns 3: Nonlinearity in Obj. Function
f(x; x;)
e Concerns 4: Creating the algorithm for el
JEJ

Mixed-integer nonlinear programming.

UNIVERSITYof ECE




Work 3: HQCN-Bend for IDC LLM Training

0 Problem Formulation: Maximize the net profit of IDCs over a period. (Binary, Continuous)

max Cproﬁt . Closs L ctransfer . CebiH, Objective function
profit __ proﬁt Done . -
c = dej Cow Profit decomposition
loss loss _ Abort i
c = ZjEJC- z; Monetary loss decomposition
transfer transfer TF __job J " . .
| B i ob transfer cost decomposition (nonlinearit
¢ dej ZnEN Ty Tin P ( )
bill bll e L :
™ Z,LEZ ZteT Cit €its Electricity bill for IDC operation
o— , (.,
m})one 4+ wj}bort + CIJ?OM — 1’ \v/j c j, xDone =§ wAbort @ jTS 01 __Q
p @=
{ ziod =0, ifje g uI", — e .
N
Abort o NTS Hold TF B8 w
. — 1f . L
L; 0, j€J L HOLD Qlfj/ j —

UNIVERSITYof ECE




Work 3: HQCN-Bend for IDC LLM Training

1. Job scheduling (Universal)

job .
Zn@\, CUj],n = a"l?one, vie J, Search all nodes to see whether the task is finished
Uj',oﬁt JJOE, Vie J,teT,neN, No start if the task is not assigned
: : Logical relationship between
job job _
Yint-1 7~ Ying — Jnt + ant 0,VjeJ,VteT,nc N processing, start, and shutdown
;iint v <L, Vied,teT,n¢c N. No start and finish at same time
2 —t=1
32 —
1 .
% Ujn,t 1 1 1 0 0 < xj],;)lb
n(/\) v vSU =1 st =1

UNIVERSITYof ECE



Work 3: HQCN-Bend for IDC LLM Training

2. Current working jobs

. . ummg Final node state

0 - [ERARRREY . .
CC';-’NJ@U =z; ", Vje Jv, mmme defines task completion

job __ _Done . w w @ ) ..
uj,N;“,t =% vieJutc [I’Tj J- Oor) @ Completion must occur in time

@ — t=1 O orF)

2
(i_z) Ujne 1 1 1 1 0 @
1 — @SNED)

or

w <~ &
N; c[ \) Uit 1 1 0 0 0 f

UNIVERSITYof ECE



Work 3: HQCN-Bend for IDC LLM Training

3. Time-sensitive job (in job pool)
| s Shut down mark defines training’s completion;
uJ-Ob:Z VieI® neN,

J:n L 5”“" The task need to be training with task time;
Tj job  job JOb TS

Zt 1 Yimt = Tjan Tim vied eN, Once the task starts. It cannot be terminated;

TJob

ZUS? toril) S ,JTO'Et? Vie I neN,te (LT, @ m% (onO)
(Bnnnnnns)
Z Z Done Vj = jTS © @
neN te[1,773 J”t

— t=1 T.J'Ob = max(t, Tjt;alsk) b = TjTS
2 A

Jmn

a N
1 CS_Z) Ut 1 1 1 0 0 < xJoP

n C/-\) 1% vt =1 USd =
@ @ANED) (O oFF)
ECE




Work 3: HQCN-Bend for IDC LLM Training

4. Non-time-sensitive job (in job pool)

job NTS
Win = ZteT jngy VI €T mEN, Shut down mark defines training’s completion;
job _ mjob JOb NTS
Zte’l‘ Yjnt = TM Lim VeI T neN, The task need to be training with task time;
T_]ob
7,m .
va N Jjost’ Vj e IS e N teT, Once the task starts. It cannot be terminated;
sd Done NTS D @ oN ()
S:n@\/ JteT ant VJ cJ D &) QO
mmm @ (O °FF)
b—>  — job __ task
t=1 T, =max(t, T;n™)
2 A
' I
1 CS—Z) Ujn,t 1 1 1 0 0 < xjjflb

n (/-\) 1% vt =1 USd =
@ @ANED) (O oFF)
ECE




Work 3: HQCN-Bend for IDC LLM Training

5. Transferred job (1)

TF Done job
Ty =%~ Z imv vied, Defines what task is transferred.
{nlZ™(n)=2"(5)}
T'range
. TF _ bw,out NTS
Dj-; ; Y > VIE€J Once the task is transferred. The training data need
D;- :E;fF _ ZTjTS y?x;nout Vje JTS to be upload/download to another location.
t=1 ’ !
bw,out pp—— .
Z Y. =DCBW, ,Viel VteT, The uploading data size upper bound.
{3l (5)=i}
@TE_@‘
Location 1: @ LLM,,, Q@ bw out LLM,, LLM xTF =1
Vot o 00 2M’ —
Location 2: | -@------—----- - W CIT O — 2M .t o LLMy 7 LLMy,,
LLM, 4 out
< DCBW, JF o
LocationN: @ @ O LLM, = LLM,,, ~2M

UNIVERSITYof ECE



Work 3: HQCN-Bend for IDC LLM Training

IDC..
5. Transferred job (2 TF  _ |
job (2) X{aseditf) 1
STt = Ny ie T te T,
{n\l’N(n)#I‘](j)}

bw,i —bw,i ;
g <yt je JneNteT,

gbw,in _ gbw,inmjob \Vlj c j,n c N,t ~ T,

Jsn,t 7,n?
S P <DCBW,, VieT, vteT,
{n|IN(n)=i} } 4 ) 4 v
‘ © bw,in ybw,in bw,in
« o . _] * )n j * j * k
Select the receiving node* to download the LLM. L | R D PR TR
DCBW N
= il - N
The upper bound of downloading speed at node % DGy 55 in
' IDCy, DCBW
The upper bound of downloading speed at IDC. job _ _job _ _job _ _job _
j3ln3 B .j4-;n2 B jllnl B jZ,nZ B
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Work 3: HQCN-Bend for IDC LLM Training

5. Transferred job (3) .
, The size of the data that has been
bw,in .
ACCj; = Z Zyj,n,r ,vje J,teT, downloaded. Training can only start
neN 7=1
ACC;, > D0, Yje T teT, after it is completely downloaded.

DV =D v 1, VieT,mne{n|IV(n) #T7()},teT.
Ensures LLM is only transmit to
a single node

ﬂange

Vint+1 Regulation Dj . .CCTF o Z bw,out

—Y B0
] ACC]’t < D] {0} :> J — Js

ACC;, =D; {01} bw,out bw,i
jt J woout Z w,in
o Jint

It
Job; can start now {n|ZV(n)£Z7 ()}
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Work 3: HQCN-Bend for IDC LLM Training

6. Computing nodes Energy Modeling Overview

67?,,tNod.e _ eT(l),tN,lclle +e ONW V’I’L c N t e 7—
eg}N,ldle EONldle power \V/ c N tc 7—-
O N W O,N,w TDP job
=) E 5j ui, VneN,teT,
jeT

WP =1, Wn € N
WP <PV e TNEe T,neN,

7,1t
power  _power  power,sd power su

NVIDIADGX H100

ADVANCED ENTERPRISE Al INFRASTRUCTURE SYSTEM

<A PEnE
- PARTNER

UNIVERSITYof ECE

on® < | ldle @orr

The power consumption of every
node (idle, working)

The power state of every node
(idle, working)

Node Type Power (KW) | Performance (petaFLOPS)
10 DGX1 350 17.3
10 DGX2 100 20
4 DGXA100 26 20
10 DGXA100s 15 13
1 DGXA200 14.3 72
1 DGXHI100 10.2 32

TABLE I: Power and Performance Specifications of Nodes




Work 3: HQCN-Bend for IDC LLM Training

7. HVAC, Temperature, and BESS System

Those constraints are referred to [1]. However, we made several changes based our setup.

7.1 Modified Heating and Air Conditioning System

Zone Zone ! :
Zone __ rpZone + Z T Zt—1 TZt 1 927?3 E T w_out T w_in !
T A———— AW, AM—T_in
Zyt zt—1 iade CheatRZ,(me C?eat T_ou :R_w_outl R wel U i T_
g Cwout =/—C w._n : 2
Zone a,s AC Zone OUtSIdE: . :Inslde
o (Tz t Tz,t—l) e S EEEE
+ Cheat , Vze ZVte T, 1 4
z
where Cleat — s | peir , gZone , py Time Discrete Difference Room
. Zone kAC AC Temperature Model [2]
2t ’
EO,Node )
0.t =¢ Z nt Heat from the local computing nodes.
{n|Z2(n)=2}

[1] Zhao, Zhongqi, Lei Fan, and Zhu Han. "Optimal Data Center Energy Management with Hybrid Quantum-Classical Multi-Cuts Benders' Decomposition Method.“

IEEE Transactions on Sustainable Energy (2023).

[2] Beli¢, Filip, Zeljko Hocenski, and Drazen Sligkovié. "Thermal modeling of buildings with RC method and parameter estimation." 2016 International Conference on Smart Systems and
Technologies (SST). IEEE, 2016.
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Work 3: HQCN-Bend for IDC LLM Training

O Algorithm: Hybrid Quantum-classical Nonlinear Benders’ decomposition Approach
class HQCN-Bend algorithm

Step 1: Reformulate the objective function , [xy]| Optimal
Computing s Solution
’ T , Platform N A +
f(x')=x QQUBOX Master Problem (MAP)

x' diag(c)x

m, m_
T § , . Y _

T Z Witm?2 Witm Wit (1mtm.) 2 Wik (14 mtm.)

szm j:O ‘é .......... 5'

2 ] B

min ¢'x +d’y
st. Ax+ Gy <b
xeB yeR

K
I

- Z P | Mw) + (uk)TAx + Z 2!t pToyf
1=0

2

J
l

+ Z P; (rj)TAx + Z 2lsd — BTy
1=0

I |
jed -~ \ " . Subproblem
L - )
b il hl (SUBs)
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Work 3: HQCN-Bend for IDC LLM Training

O Simulation Results: « LLM Training Task scheduling
Jobs 4:DGXA100s
.jOb 1: fTS jOb 5 3? > TF % 3:DGXA200
job 2: 5™ Mijob 6: gV Z  2DGXe

w 1:DGXH100

job3: 77" Mjob 7: F
Wiob4d: J¥* = job 8&: g¥

e The LLM training task / device arrangement is valid

274
200 =
. g ~ B
4
e Zone temperature is within the bound © 261 .
(o] L]
3 150 2
© I
3 o5 g
4:DGXA100s 1 DGXA100s g— ) B
8 N 100 &
% 3:DGXA200+ DGXA200 524 , \ N )
o o 1 7 ) 7 >
pd 2:DGX21 DGX2 o« Nl VoSN 2
- »al \\II ) -\l 50 o
1:DGXH100+ DGXH100
0 2 4 6 8
Time
2 4 6 8 10
. Zone Temperature Battery Energy Reserves
Time +DC1-Z1 =DC1-22 +~DC2-Z1 +DC2-22 B-DC1 - B-DC2
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Work 3: HQCN-Bend for IDC LLM Training

0 Simulation Results:

* Benders Decomposition Performance and Convergence: Solver access time / iter.
20000
) Jis 114.13s
sl J sometimes take 3,4 iterations
%10000-
o Simulated 23.33s
5000- Bifurcation (Max iter. = 1e4, agent = 8192)
————— X Upper bound
————— A Lower bound
ol — Objective value et .
; I 3
lteration(s) The GPU runs faster than the CPU based algorithm

Goto, H., Tatsumura, K., & Dixon, A. R. (2019). Combinatorial optimization by simulating adiabatic bifurcations in nonlinear Hamiltonian systems. Science advances, 5(4),
eaav2372.
https://www.openijij.org/
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Future Work & Conclusion

O Future Work
B HQC-Bend package Upgrade in for MICP

Plane-cutting Method

* Benders’ Dual / General BD / Logic BD
* High-order unconstraint binary optimization (HUBO) in Obj./Constraint ——t

[1x; - xj - ...- x4 to Digital Q Circuit / QUBO (QA)

---------

[v[<t OR | v[2<st

B [nternet Data Center Model Upgrade (w»
i e

123
Time (hr]

0 4 ... 10T —X

e Unit commitment convex constraint plug-in (MISOCP)

e Dynamic flexible training LLM task scheduling

L o
n
A T T T

> y

e Quantum communications
Internet Data Center Model
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Future Work & Conclusion

O Conclusion
* Quantum Computing (QC) provide a special way to deal with the complex MIP. By
leverage Both QC and classical computation power, HQC-Bend can reduce the
computation time for Mixed-integer Programming significantly.
* Work 1: HQC-Bend for MILP and Python Package
v Reformulate the MAP of BD for the MILP problem and validate the algorithm.
v Introduce a Python package implementing the HQC-Bend algorithm.
* Work 2: Energy Management Problem in Internet Data Center Using HQC-Bend
v" Propose a MILP model for IDC energy management.
v" the HQC-Bend approach outperforms the CBD approach in practice.
* Work 3: Optimal Energy Management and LLM Training Job Scheduling for IDC Using
Nonlinear HQC-Bend
v" Propose a MINLP model for IDC LLM task scheduling & energy management
v' The HQCN-Bend method is feasible for solving certain MINLPs.
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1. Zhao, Z., Fan, L., & Han, Z. (2023). Optimal Data Center Energy Management with Hybrid Quantum-Classical Multi-Cuts Benders' Decomposition
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