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Gurobi 12 HEERTFC &
KA BEREFA (>17) >100 FHE Z45HY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models

© 2024 Gurobi Optimization, LLC. Confidential, All Rights Reserved | 4



&\ GUROBI
|

OPTIMIZATION

Gurobi 12 EEERRFHLC &

KR BERA (>1F) >100 b Z4EAY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models
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Lp TRtk AL IR

- Sl ZF{L1LEB% Derived variables presolve reduction 0.3%
« f5ilzn (3.0% on affected models)

min{c"x|alx +diy < bj,i=1,.m I<x<u; y, <y <y}
HP sy METEME x
1S
vx € [LLulay € [y, y,):al x + d;y < b; foralli =1, ...,m
GiI/N
oy FIXEEARAUMBER R, JFH
. fix AR EIEBITE y
« [FIFER T MIP, {EFF B M ET IE

o HERELIELP FRfL1EEE S Stopping aggregator earlier for LP presolve 0.3%
o HR| NI ETRIAB AR (1.1% on affected models)
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o« JRAREALET, Primal simplex

o RS TGRIEIETE Improved numerics in ratio test 1.1%
o XHMBELEF Dual simplex

o f&JHarris lb=AG 3G 81T B4 8E Performance improvement in Harris ratiotest ~ 1.9%

o« BB EPE WS Major rework of numerical aspects 1.3%
. [%IKX H4R/Z% Less objective shifting 0.7%
« 3B BT 2T R ERI Y46 L Better crash basis for free variables  0.6%
o RTFECRAIEBIEIEMTE Improved numerics in ratio test 0.4%

o TR | RTINS A ERIEUEITE Improved numerics in feasibility check for
basic variables 0.4%
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o BRAITZ  ER X AR EIMBARILIEPE Simplex: factorize more often in
crossover 1.0%

o T A HEREFARHIERAEEAEE Simplify handling of dense blocks in A 0.7%

o PEHIRRXB L BERE BIEEMLIIREM M No need for dense blocks to use
complex data structures to exploit sparsity

o TEIAE LN SRR R ER MRS KA Use iterative linear system solves in
first barrier iterations 0.4%

[t Cholesky Zrfi# 5 [Rryik{X Faster iterations than with Cholesky factorization  (9.7%
on affected models)

o FEMMEFS N Less accurate
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Gurobi 12 HEERTFC &
KA BERFA (>1 7)) >100 FHE F-45HY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models
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« SEAREBAHINI = FL1EES Doubleton presolve aggregation inside cones  7.8%

o AME y HINEHA, HMEFEKX y = ax WAJLIUH TS Linear equality y = ax can be
used for aggregation even if y appears in a cone

e gt SOCP HFii#5 5142 Improved dense column handling for SOCP 4.7%

- HiT s FRABERALIE Implicit handling of cone variable upper bounds 2.7%
« 2% See Andersen, Roos, Terlaky (2000), Sturm (2002), Goldfarb, Scheinberg (2005)
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Gurobi 12 HEERTFC &
KA BERFA (>1 7)) >100 FHE F45HY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models
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B2 Simplex 7.6%
o TAGHILEH (G Harriskb RAEIAIMIETT ESodt) 7 individual improvements (including Harris ratio test and numerical improvements)

FfE 1L Presolve 4.3%
o W2AJTEESH (BIESIERTEME) 22 individual improvements (including derived variables reduction)

817 Cutting planes 2.0%
o TIAHPYE (BIEMMERREDAYF®E) 17 individual improvements (including dual implied bound cuts)

TRTLIE Node presolve 1.6%

o 5ANJFE Y 5 individual improvements

H4T71HE Parallelism 1.5%

o FHATRIZZBSERIMIP 18] A0 5 st & Preempt sub-MIPs and node LP solves for parallel synchronization
o B AZRYFER Improved usage of hyper-threads

5k B % & /% Primal heuristics 12%
o ANJEPYYGH 4 individual improvements

47 X Branching 0.9%
o B[ Driebeek &S ANESR 2 X Use Driebeek penalties more often instead of strong branching

225341 Conflict analysis 0.3%
o ARZMFEEEZ £/ Farkas 1EBA Do not ignore Farkas proofs with flipped basic variables

NAEE L Memory management 0.2%

s JHAOINTESTE Reduced number of memory allocations
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Gurobi Version Comparison: Speed and Solvability (PAR-10)

Gurobi MILP Benchmark Suite IV" LP
PERETEH AT

% 100 -
§ 90 - 91x speed-up
I TEGurobi N MILP ScfiBE M, SHFTARA
H%%':TZIDTEJZ%
70 - FEJUAEE(PAR-10) R ARRTB) £, FERR
A1 1TEE 5
°0 o BRERARASIET00008), SUH 197 /M
50 | REEKRE. MAEBREED R — T RA K
4 1 S0 RO ITAT R,
30 A
19,1x
20 A
10 - 1x
0 o

1.1 20 30 40 50 60 70 80 90 100 11.0 12.0

Gurobi Version

Time limit: 10000 sec. Test set has 8273 models:

Intel Xeon CPU E3-1240 v5 @ 3.50GHz - 788 discarded due to inconsistent answers

4 cores, 8 hyper-threads - 2286 discarded that none of the versions can solve
32 GBRAM - speed-up measured on >100s bracket: 3076 models
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Gurobi 12 HEERTFC &
KA BEREFA (>1 7)) >100 FhE Ze4HHY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models
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Nonconvex MIQCP Improvements

o T RIN{LIt Node presolve 10.2%
o SR EIRAAREE Improved reduced cost fixing
« FR{RAE Presolve 7.10%

o O RARENFERLIREH Improved quadratic constraint to indicator translation
o WINEE Quadratic aggregation
» /433 Branching 4.2%
o YT R X EMEESE Improved spatial branching value selection
« TEZEIR)19 3 R %584 32 Use more strong branching in spatial branching

- HJ3 Restarts 6%
o XtFTRANFELMAEA G| A EIRMRAYE /T More aggressive restarts for quadratic and nonlinear models

« JRIRIE & &% Primal heuristics 1.7%
o UOHTERINS ZEBREEPHT EEERE Improved fixing strategy in RINS-like heuristic

o HTFFENH MIQCP By ERZ 32 F Simplex improvements for nonconvex MIQCP 0.7%

o [EHAEEMBA McCormick 93 Deactivate numerically problematic McCormick constraints
« MIP N gbfz BUu th 2% B E BN (not explicitly measured)
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Gurobi Version Comparison: Speed and Solvability (PAR-10)

Gurobi Nonconvex MIQCP Benchmark Suite

120 -

Speed-up

100 -
96x speed-up

80 1 70,4x
60 -
40 -

20 A

1x

9.0 9.1 9.5 10.0 11.0 12.0

Gurobi Version
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FEFHMIQCP

PERETEH 22

=

FEGurobi NERFEMHMIQCP R Nlids, &
%EHJQZIKE&?%TZZDTEE%
FEJUE(PAR-10) R ARRTB) £, FERR
KO0 16 %
. BE&/EQ‘Z%&FHTIEWOOOO b, AA 33 PR
RERME. MIXE B IEE L et — T hRAN KR

tH HORT A 152,

Time limit: 10000 sec. Test set has 1064 models:

Intel Xeon CPU E3-1240 v5 @ 3.50GHz - 51 discarded due to inconsistent answers

4 cores, 8 hyper-threads - 332 discarded that none of the versions can solve
32 GBRAM - speed-up measured on >100s bracket: 286 models
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Gurobi 12 HEERTFC &
KA BEREFA (>17) >100 FHE F-45HY

LP (default) 2.6% 0.9%
LP (barrier) 2.2% 4.8%
LP (dual simplex) 4.4% 3.6%
LP (primal simplex) 2.6% 2.0%
QP 9.1% —*
SOCP 37.3% —*
MIP 13.1% 18.9%
MIQP 13.0% 38.3%
MIQCP 4.1% 3.3%
nonconvex MIQCP 27.7% 68.5%
IN 22.7% 37.3%

* too few “hard” models
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TERERT 5

* MIP IIS T+ R/ HUEAIRIE
« BER—HONR, KEFRFMIP
o JNRA AT, YR BRAOLIIR, RIR BRI AT AT (T
- B, KRG BERAEIER, BERE LR
o TEELE IR RS BR £ SRAO IS I SR SRR
» EREXF EAT AR BN R HUAF Y AT B BR£9R

(o2 (=)

AT, LAY E DT E—

it

Al-xi < bi

AT
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« PESR o BXT% Exploit disconnected components 8.1%

o HETRERFEMZRR HENTNARAT 4 For models with disconnected
components, find one infeasible component

o M/ IFLEER Try smallest component first
o R SRAEHI T & Apply node limit for component solves

o FEREIGOL INMEET1TEY/ N5, FEH & 2RI R {TKF £ Bad case: difficult feasible small
component, trivially infeasible larger component

o MAFIAT 1RGP MFE M+ £ Discard other components from infeasible subsystem

« REF4ALEREXFE Produce disconnected components earlier 9.5%

« R (IS HRRMELUER B4 EREXF%5 Change IS search strategy to produce
disconnected components earlier

o 1EX2Z X & & I PRI Find separator in row intersection graph
o B RE—XKFERETATT Try removing all rows in separator at once

o MEARTIT, BANSHEBLREEAG]IT TR If this is infeasible: we got a disconnected
infeasible subsystem
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s =27t

LIHIRR

o TE"BAE WIS 1T BT AR Grow neighborhood of “definite” IS rows 3.8%
o ISEERIMHEHINS 1T IS algorithm identifies “definite” 1IS rows:
o JREE B TARI T FRGHIFT Rows that need to be member of infeasible subsystem
o RIITRXEY RABISEER|—EMIE Grow neighborhood in row intersection graph
until certain size
o RERFREM Try removing everything else
o WRARFAT, BAVRE—D BN ITF5REE If this is infeasible: we got a smaller
infeasible subsystem
- ZXESBNBERTE/IHTFE_E Wil often automatically zoom in on small component
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T

BN

SN

aJ

AV NEEEES S

4138 ¥riE Outer approximation
o k) LP A To construct LP relaxation

H 3& N £93R Adaptive constraints
o JETERBTRBERAFESE LP A5 To tighten LP relaxation based on local bounds of search tree nodes

Z2|8) X FE R Spatial branch-and-bound
o fRRIFLLMRILIRIER To resolve nonlinear constraint violations

FEAERAE TR rI 8 T 548 H 7A(OBBT) Presolve and OBBT
o 5/ NEE S EESRISOH AR AYERX To tighten domains of variables and improve problem formulation

Y) - Cutting planes
« X4 LP KA To tighten the LP relaxation

T RINLIE Node presolve
o EHERBIT AT ERIBERIAR To tighten local bounds of variables at search tree nodes

J5hh B & & 7% Primal heuristics
o TBBYARIR]1THE To help finding feasible solutions

o Rl W TELENLP HNAE R BB ER R In particular: interior point algorithm to get locally optimal solutions for
continuous NLPs
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AN BT /E Dynamic

Outer Approximation

o FEEMLARAIYE AL Linear
relaxation of convex hull of nonlinear
constraint

« AKTTEME/FE1AL5 Based on global
bounds of variables

o RH/NEERILFE|ZL Use small number
of tangents and secants
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AN BT /E Dynamic '

Outer Approximation

- HEMBF (HEERRMATR) Tighter

bounds (at local search tree nodes)

|

1

1

1

1

1

I

« FREREERIIEBE M Yield tighter outer :
approximation :

o XH BENYIRIE DNITE Automatically !
calculated using “adaptive constraints” |

o SBITHIEEE LP fAsthi) R E5Fn 430 IR Change :

|

|

|

|

|

|

1

coefficients and rhs values in LP relaxation
onthe fly
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Gurobi 9.0 M Z e ARt TR T & XEHMLIRIFA /X

e y=eX,y=a* addGenConstrExp(), addGenConstrExpA()

« y=1In(x),y =log,(x) addGenConstrLog(), addGenConstrLogA()

 y=sin(x),y = cos(x),y = tan(x) addGenConstrSin(), addGenConstrCos(), addGenConstrTan()
o y=x4 addGenConstrPow()

e y=ax>+bx*+cx+d addGenConstrPoly()

Gurobi 9.0 - 10.0:
o PEEVRIETVIL LB BRI 7 Ex B M U (UL Al i

e Gurobi 11.0:
o MR LIE RN ERELIRANSIVERT 7/ EHERTA
e Gurobi 12.0;

o XFH eSS RAIE T MOREIE LR

- ZTEESIFEMAR
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| XGEsMER

o Gurobi XFFiEBRT XKy = f(x)
o B R W SRR
WA TRE SR, BAT N IEEM LR
o M FHNAHLEEE

Z=1nw
||
| 1
v =+u w=x+V
| |
f(x) = V1 + xz—f—ln(x'+\/1+ XZ) <2, x>0
I_'_l
u=1+ x?

o MBI ASBITE u,v,w,z> 0 LA AN FEIR:
e u=14+x%5 u=7v), w=x+v, z=lInw

o WL fx)<2FLFETRBv+z <2
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|
b

EFN R TR 2=

u—x*=1
v—iu=0
w—x—v=0( &S \/1+X2+ln(x+ 1+XZ)S2

Zz—Inw =20
v+z <2
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SHRFI AT R =

o B TIRIE BOLIRERZ ) TRl 1T 1A = BR A
« HERAJBESH XNIEEMARNEBEEREES

u— x?=1(ze)

v —+u=0(te)
w—x—v=0(te&) &H V1+ x2+1n(x+ 1+ x2)§2(+e)
z—Inw =0 (£¢)

v+z <2 (+¢)

© 2024 Gurobi Optimization, LLC. Confidential, All Rights Reserved | 28



N

|

: .r%
SH
-
sl
|
)
il

A v = %
*ﬁ].y sin x
—

« x'=0.0001

« y'=1.0000000016666666

IR u=sinx,v=ul,y=x-v
— i
« x'=0.0001

* u' =0.000099999999833333343
« v’ =10000.000016666666
« y'=1.0000000016666666

45 T ] ] ]

& GUROBI
|

OPTIMIZATION

%/sin(x)
A
‘ 7
35 =1
\ /
3f\ / |
25 \ -
'x\ f.r/
2F N / =
15 F \\&h ;ﬂ// —
1 1 “*-; T L — |-- 1
2 1 0 1 2
« —NEEBETE107° N AR
« x'"=0.0001

v =10101.010118015167
y" =1.0101010118015167

u'' = 0.000098999999833333343

u' =sinx”" —107°

WHEEARP I HERESHTEGART 10 NWERE

EANRRMBHFAEXE x € [-2.5,2.5]: 35H K E£HIE 0=
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SHRFI AT R =

o B TIRIE BOLIRERZ ) TRl 1T 1A = BR A
« FERABESH XIEEMOIRNEERERS

GuURoBI 11
2
u—x“=1(x¢)
v—ﬁ=0(ie) GUROBI 12

w—x—v=0(+e) &H V1+ X2+ln(x+ 1+ XZ)S2(+£)
z—Inw =0 (£¢)
v+2z <2 (+¢)

R MNP FohnB& (752 Gurobi 11)
* Gurobi EiEHEEG A EEENE §L9R
o FEMNBAXNDEERREERITHRE

WEAR AP EZERT XIELEMLIR (752 Gurobi 12)
« Gurobi FIUMaEER SEIRIIRITIHEEZ, HHEHMWFIE AV
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‘Gurobi 12 BYFELLTELITR API £

« H#E471Y Gurobi API % 1 gurobipy F-M_
« B RIS e

. SRR T A i
- AMPL il A ]
« GAMS W‘Fm' 3
o JuMP Hm :

o HAth) pH ATRES IR SRR Gurobi 12 FELE MHEL9R
o FATHEARIERIES API

. C :

o« C++ == o

. Java i

NET
LP and MPS files

§~
\
AN
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gurobipy FHIFELL MR

» gurobipy A —/NEIHIFELL M RTSR NLEXpr

x = model.addVar(name=
y = model.addVar(name=
z = model.addVar(name=

n
n
n

")
")
")

N < X

exprl=2.0*x
expr2=x*y
expr3=x*y*z
exprd=x/y

Usez=x/y-s,s=0

model.addGenConstrNL(z, x / y)
model.addConstr(z==x/vy)
model.addConstr(z <=x/y)
model.addConstr(2.0 * z == x ** 5)

instead

Use z = (x**5)/2
instead
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—

gurobipy 7R7E: AC
BAMIBAN ST B

import numpy as np import gurobipy as gp
from gurobipy import GRB
from gurobipy import nlfunc

AV

{L ARt AC Optimal Power Flow

env = gp.Env()
model = gp.Model("OptimalPowerFlow", env=env)
G =np.array([[ 1.7647, -0.5882, 0. , -1.1765],
[-0.5882, 1.5611, -0.3846, -0.5882],
[0. , -0.3846, 1.5611, -1.1765], P = model.addMVar(N, name="P", Ib=P_Ilb, ub=P_ub)
[-1.1765, -0.5882, -1.1765, 2.94121]])
B =np.array([[-7.0588, 2.3529, 0. , 4.7059],

[ 2.3529, -6.629, 1.9231, 2.3529], Q = model.addMVar(N, name="Q", Ib=Q_Ilb, ub=Q_ub)
[ 0. , 1.9231, -6.629, 4.7059],

[ 4.7059, 2.3529, 4.7059, -11.7647]])
v = model.addMVar(N, name="v", Ib=v_Ib, ub=v_ub)

v_|lb = np.array([1.0, 0.0, 1.0, 0.0])

v_ub =np.array([1.0, 1.5, 1.0, 1.5]) theta = model.addMVar(N, name="theta", Ib=theta_Ilb, ub=theta_ub).reshape(N, 1)
P_lb = np.array([-3.0, -0.3, 0.3, -0.2])

P_ub =np.array([3.0, -0.3, 0.3, -0.2])

Q_lb =np.array([-3.0, -0.2, -3.0, -0.15]) model.setObjective(Q[[0, 2]].sum(), GRB.MINIMIZE)

Q_ub = np.array([3.0, -0.2, 3.0, -0.15])

theta_lb = np.array([0.0, -np.pi/2, -np.pi/2, -np.pi/2])

theta_ub = np.array([0.0, np.pi/2, np.pi/2, np.pi/2])
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\l

gurobipy 7~Ryl: AC Ex{LFJii AC Optimal Power Flow
T HABRE LIS AINUmDY [ B

constr_P = model.addGenConstrNL(
P
v*(v@ (G * nlfunc.cos(theta - theta.T) + B * nlfunc.sin(theta - theta.T))),
name="constr_P",

)

constr_Q = model.addGenConstrNL(

Q,
v ¥ (v@ (G * nlfuncsin(theta - theta.T) - B * nlfunc.cos(theta - theta.T))),
name="constr_Q",

)

model.optimize()
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‘ gurobipy 7/~RVl: AC B LB/t AC Optimal Power Flow
Tt b ABRE LT SRAINUMpy | H A

# Real power balance
#P_i=V_i\sum_{j=1}N}V_j (G_{ij} \cos(\theta_i - \theta_j) + B_{ij} \sin(\theta_i - \theta_j))
constr_P = model.addGenConstrNL(

P,

v*(v@ (G * nlfunc.cos(theta - theta.T) + B * nlfunc.sin(theta - theta.T))),

name="constr_P", A
)

# Reactive power balance
#Q_i=V_i\sum_{j=1}MN}V_j (G_{ij} \sin(\th| L. - \theta_j) - B_{ij} \cos(\theta_i - \theta_j))
constr_Q = model.addGenConstrNL(

Q,
v¥*(v@ (G * nlfunc.sin(theta - theta.T) - B % func.cos(theta - theta.T))),

name="constr_Q",

)

model.optimize()

cos(theta[0] — theta[0]) :-- cos(theta[0] — theta[3])

cos(theta[B]: — theta[0]) cos(theta[S]: — theta[3])
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4 MINLP
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Gurobi Optimizer Reference Manual

This is the manual for version 12.0 of the Gurobi Optimizer. It covers Gurobi’s modeling structures,
features, and API concepts, and provides a detailed reference for use when developing applications
using Gurobi. The manual is written with practitioners in mind. While it provides an overview of the
solver, it is not intended as a first course in optimization. It assumes familiarity with the core concepts
and terminology of mathematical optimization, as well as with the programming language you intend to
develop in.

Concepts

Gurobi follows a model-and-solve paradigm. As a user of Gurobi, you must translate your optimization
problem into mathematical programming form. The Gurobi APIs enable you to formulate an instance of

V. your problem in the solver, invoke its algorithms to solve it, and query solution information. The initial
o sections of this manual cover the core concepts you should be familiar with.

o * Modeling Components covers the building blocks used to formulate optimization models in Gurobi.
v ® APl Usage covers the basic use of Gurobi's API for formulating and solving models. It also introduces

the core concepts of Environments, Parameters, and Attributes.
* Logging provides an overview of the log output produced by Gurobi when solving a model. Reading
the log can help in understanding solver performance issues and resolving various warnings.

o Guidelines for Numerical Issues explains some of the causes of numerical instability which can occur
when solving optimization models, and how to remedy them when necessary. Read this guide if you
encounter numerical trouble or warnings when solving your models using Gurobi.

Features

The next sections cover specific features of Gurobi Optimizer.

® Batch Optimization: submits models to be solved as asynchronous jobs on remote machines.

https://docs.gurobi.com/projects/examples/en/current/examples/workforce.html
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Workforce Examples

This section includes source code for all of the Gurobi workforce examples. The same source code can
be found in the examples directory of the Gurobi distribution.

. > workforce1

v C C++ c# Java Matlab Python R Visual Basic

/* Copyright 2024, Gurobi Optimization, LLC */

/* Assign workers to shifts; each worker may or may not be available on a
particular day. If the problem cannot be solved, use IIS to find a set of
conflicting constraints. Note that there may be additicnal conflicts
besides what is reported via IIS. */

2

Q L O < ewN =

ON THIS PAGE

ON THIS PAGE
workforce1
workforce2
workforce3
workforced
workforces

workforce_batchmode
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o AT EEE number of nodes left
o MHTAI{THE incumbent value

« X384 5% dual bound
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