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 
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≈



 

  𝐱∗ = argmax  𝑓(𝐱) 

𝐱 ∈ 𝐵,  where 𝐵 is the feasible set,  𝐵 ⊂ ℝ 
𝑑

 

  𝐱∗ = argmax  𝑔(𝐱) 
  𝑔(𝐱) = −𝑓(𝐱) 

𝐱 ∈ 𝐵,  where 𝐵 is the feasible set,  𝐵 ⊂ ℝ 
𝑑

 

𝑓(𝐱)

x1, x2 ∈ 𝐵

‖𝑓(x1) − 𝑓(x2)‖ ≤ 𝐶‖x1 − x2‖

𝐱

x𝑛+1 = argmax 𝑎(x𝑛+1, GP𝑛) 

yn+1 = 𝑓(x𝑛+1) + 𝜀𝑛+1
x𝑛+1, y𝑛+1) 



 𝑎(•)

 𝜀𝑛+1~𝒩(0, 𝜎𝑛𝑜𝑖𝑠𝑒
2 ) 

𝑛 < 𝑡 𝑡

 

𝑓 𝑥 𝒢𝒫 𝑚 𝐱 𝑘 𝐱 𝐱′

𝑓 𝑥 𝑚 𝐱



Kernels 

 𝑘(𝑥𝑖 , 𝑥𝑗) =  exp (−
1

2
 ‖𝑥𝑖 − 𝑥𝑗‖

2

 𝑘(𝑥𝑖, 𝑥𝑗) =
1

2𝜍−1Γ(𝜍)
 (2√𝜍‖𝑥𝑖 − 𝑥𝑗‖

𝜍
 )𝐻𝜍( 2√𝜍‖𝑥𝑖 − 𝑥𝑗‖

𝜍
)

 Γ(·) 𝐻𝜍(·) 

ς 𝜍

µ 𝜎



 

µ)

𝜎

  𝑃𝐼(𝑥) =  𝑃(𝑓(𝑥) ≥  𝑓(𝑥 +) + 𝜀)

  =  Φ(
µ(𝑥)−𝑓(𝑥+)−𝜀

𝜎(𝑥)
)

  Φ(·) 

  𝑥 +  = arg𝑚𝑎𝑥 𝑥𝑖 ∈ 𝑥1:𝑡 𝑓(𝑥𝑖)

  𝜀

  𝐸𝐼(𝑥) {
(𝜇(𝑥) − 𝑓(𝑥 +) − 𝜀)𝛷(𝑍) + 𝜎(𝑥)𝜙(𝑍) 𝑖𝑓 𝜎(𝑥) > 0

0                                                                       𝑖𝑓 𝜎(𝑥) = 0



  Z =  {

µ(𝑥)−𝑓(𝑥+)−𝜀

𝜎(𝑥)
 𝑖𝑓 𝜎(𝑥) > 0

0                    𝑖𝑓𝜎(𝑥) = 0

  𝜑(·) Φ(·) 

  

  𝑈𝐶𝐵(𝑥) = µ(𝑥) + 𝛽𝜎(𝑥) 

  Where 𝛽 is the exploration vs exploitation parameter 

 



 

𝑓(𝑥) =  𝑓1(𝑥1) + 𝑓2(𝑥2) +

··· +𝑓𝑀(𝑥𝑀).

  

𝑥𝑖 ∩ 𝑥𝑗 = ∅ 

𝑤ℎ𝑒𝑟𝑒 𝑥𝑗 ∈ 𝑋𝑗 = [0,1]𝑑𝑗  

𝑎𝑟𝑒 𝑙𝑜𝑤𝑒𝑟𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠. 



 

 





Ο(𝑛3)

Ο(𝑛3)
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 𝒪(𝑛3)

𝑛3



𝑛3



 

x𝑏

x𝑏

1… c

x𝑏 = argmax 𝑓(𝑋)

x𝑛+1 = argmax 𝑎(x𝑛+1, GP𝑛{1… c}) 

yn+1 = 𝑓 (xb
{1…c}
←   x𝑛+1)

1…c x𝑛+1, y𝑛+1) 



 



 

 

 



 

 



 

x𝑏 = argmax 𝑓(X) 𝑦𝑏 =  max 𝑓(X)

x𝑛+1
𝑍 = argmax 𝑎(x𝑛+1

𝑍 , GP𝑍) 

yn+1 = 𝑓 (xb
𝑍
← x𝑛+1

𝑍 )

GP𝑍 x𝑛+1
𝑍 , y𝑛+1) 

y𝑛+1 𝑦𝑏 x𝑏 = xb
𝑍
← x𝑛+1

𝑍 𝑦𝑏 y𝑛+1

x𝑏 = argmax 𝑓(X)  𝑦𝑏 =  max 𝑓(X) x𝑏

 𝑦𝑏

GP𝑍 

 𝑎(•) x𝑏 

y𝑛+1 x𝑛+1
𝑍  GP𝑍 y𝑛+1 

 𝑦𝑏 x𝑏 𝑦𝑏



 

 𝒪(𝑛3)

 𝒪(𝑛3)
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𝑖 + (𝑛 − 𝑖)∏𝑃(𝑑)   

𝑍

𝑑

GPZ

GPZ



 

Intial Sampled Data:

X = [

2.61 1.16 5.351
6.36 0.91 6.60
1.36 1.91 1.60

⋮

] Y = [

572.12
1014.29
33.65
⋮

] 𝐵 = [

[0,10]
[0,2]

[0,10]
] [

1/3 
1/3
1/3

]

GPZ

x𝑏 = [1.36 1.91 1.60] 𝑦𝑏 = 33.65

Z =  [1  3] ∴ fix dimension 2 to 1.91

x𝑛+1
𝑍 = argmax 𝑎(x𝑛+1

𝑍 , GP𝑍)

x𝑛+1
𝑍 = [0   0 ]

yn+1 = 𝑓 (xb
𝑍
← x𝑛+1

𝑍 )

33.65 = 𝑓([0  1.91  0])

[0   0 ] GP𝑍 yn+1 < y𝑏 y𝑏 x𝑏

Z =  [2  3] ∴ fix dimension 1 to 1.36

x𝑛+1
𝑍 = argmax 𝑎(x𝑛+1

𝑍 , GP𝑍)

x𝑛+1
𝑍 = [1.37   0.81 ]

yn+1 = 𝑓 (xb
𝑍
← x𝑛+1

𝑍 )

21.72 = 𝑓([1.36  1.37  0.81])

[1.37   0.81 ] GP𝑍 yn+1 < y𝑏

x𝑏 = [1.36  1.37  0.81] 𝑦𝑏 = 21.72

⋮



 





 

𝑑 ≫  𝑛

GP𝑍

𝑅𝑇 = ∑ 𝑓(𝑥∗) − (𝑓𝑥𝑛) 
𝑁
𝑛



 x𝑏 y𝑏

 



 

 

 



 

 

 

- 

 

- 

 
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 

- 

 

 

 





 

 









 



 

https://github.com/udoniyor/projectb


 

 





 



 

 

 

 

 



 



  



O ON N NN O ON N NN O ON N NN O ON N NN

10547760.5 11503438.8 76768.24 1083.773 13751871.3 11583633.4 277110.7 94265.95 12541457.9 11494663.3 144044.1 104192.7 9938408 10593033 624197.5 40432.85

201.537197 264.816842 98.08365 81.67155 171.243597 168.042621 63.50432 54.83634 173.293067 153.593238 60.56389 64.28592 160.9192 169.1989 74.41224 89.27149

5753246.88 6170110.22 303.0726 164.9722 9175492.33 5967380.36 571.7213 627.2734 8491820.97 5432016 313.8998 631.5574 4658371 5967380 932.7103 728.6004

5.70040353 3.10867061 5.865699 2.556584 14.6504596 3.0706828 5.107278 2.863471 21.4057797 3.14706015 6.576096 3.028224 27.07151 3.095707 7.401564 2.822609

MATERN3 MATERN5 SE

Expected Improvement

MATERN1

O ON N NN O ON N NN O ON N NN O ON N NN

9314480 9299671 126789.6 1053.789 13670989.5 7094506 231302.7 66913.92 13154416.3 3709609 298175.9 212514.1 8562599 1605591 203151.2 901.8844

52.92281 60.2309 76.78478 81.67155 1201.37019 254.6478 84.50806 74.88411 163.187297 73.05804 57.56085 32.70784 132.6882 71.41848 48.27869 81.67155

3824685 3909096 231.382 161.3598 9175492.33 107091.6 570.5169 189.6672 9175492.33 10591.88 566.7448 197.3143 2319529 11523.23 485.5674 149.8152

5.555187 2.965332 5.666453 2.520873 12.6486247 3.076138 5.686786 2.559289 20.3816455 2.813308 4.576696 2.833679 13.48185 2.527455 6.475325 2.358551

SE

Probability Improvement

MATERN1 MATERN3 MATERN5
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5274878 1393763 94066.89 647654 1490067 380759.3 607331.5 394015.1 2746573 340166.2 153303.2 8176486 3051985 7296761 167633 32236.19
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16.15336 2.975631 6.981745 7.03117 20.90181 2.853309 3.380512 5.55881 21.13594 2.435657 4.870893 4.570615 56.15031 3.919817 8.999228 4.666705

SE

Upper Confidence Bound

MATERN5MATERN1 MATERN3

O ON N NN O ON N NN O ON N NN O ON N NN

12121234 3771630 1569.005 110430.5 9928809 2711279 3041.097 30086.69 10415057 1838029 3565.974 15895 12649058 7409581 4034.781 2935.916

195.641 189.5001 40.43447 58.70725 247.9664 94.93486 69.60402 101.4882 168.1427 164.8474 64.69766 83.66728 201.711 114.6272 83.73345 86.91412

7143471 173654.9 180.982 665.3624 4684989 232247.3 509.5654 1182.116 4605200 175957.5 1485.815 196.3712 7950653 539990.4 1073.393 354.6124

4.751753 2.427113 3.091351 2.46262 19.54725 2.340099 2.631785 2.443647 18.07866 2.379529 2.87282 2.724905 8.403991 2.729833 2.124625 2.181241

MATERN1

Thompson

SEMATERN3 MATERN5



The Framework defines a simple CSV (Comma Separated Values) as a file format which 

specifies the parameters of the Bayesian Optimization and model details; such as the input 

file, command and the output directory.  

The file structure follows a simple pattern, each line stores only one parameter. First value is 

the parameter key, for example “policies”; followed by the value of the parameter, separated 

by a comma such as “ei” (expected improvement policy). The structure allows having 

multiple values for each parameter, but this is limited only to the kernel and policy 

parameters. The limitation is imposed by the graphical user interface, where only multiple 

kernel and policies can be selected. 

Another exception is the bounds parameter. The bounds can be described by stating the key 

"bounds", followed by a comma, lower bound, comma and upper bound. The key can be 

defined multiple times to specify many bounds. For example if function has three inputs with 

bounds between 0 and 100, it should be specified as follows: 

    ... 

    bounds,0,100 

    bounds,0,100 

    bounds,0,100 

    ... 

In addition, to the parameters, the file format stores the data gathered during optimization or 

user pre-processed data. The order of the parameters does not matter, except for the data 

parameter. The data parameter must be defined last followed by the data where the second 

column is y values and starting from the 4th column are the x inputs. The purpose of the strict 

data column layout is to match the output of the framework. The framework, output is 

structured in a following way: time per iteration in seconds, objective value achieved at the 

iteration, mean calculated from the posterior for the point prior evaluation, variance 

calculated from the posterior for the point prior evaluation, followed by the input values 

separated via commas.  

You do not need to specify all the kays and parameters for the framework, most have 

reasonable default values. Only following are required for the framework: command, 

modelinput, modeloutput, and bounds. By default, the framework maximizes with EI policy 

and SE kernel for 150 iterations with sobol initialzer. 

Basic Settings Spefication: 

Keys    |   Parameters 

command |   command line string to invoke the function 

modelinput | input file for the function. One parameter per line 

modeloutput | output file for the function. 

bounds | lowerbound,upperbound 

outputdir | directory to output the results to 

policies | ei,pi,ucb,thompson 

kernels | matern1,matern3,matern5,se 

iter | number of iterations 

objective | min/max 

solver | direct*/lbfgs  



initializer | sobol/middle/uniform 

initializernum | number of samples to sample by the initializer 

recommender | latent/incumbent/observed 

normalize | True/False ** 

 Requires nlopt python library ** Normalize the bounds between 0 and 1. Experiments 

have shown normalizing the input helps with performence of the lbfgs solver. 

Preferably, use direct solver without normalization. *** Dimension Scheduler is a 

technique to improve the performence of the Bayesian Optimization.  

Advanced Settings Specification: 

dims | If dimension scheduler enabled, number of dimensions per permutation 

dimscheudler | True/False *** 

mcmcburn | Burn number 

mcmcn | Number of GPs 

eixi | Exploration parameter for the EI policy 

pixi | Exploration parameter for the PI policy 

ucbxi | Exploration parameter for the UCB policy 

ucbdelta | Probability of that the upper bound holds 

thompsonn | number of Fourier components 

thompsonrng | Random seed 

Following keys have python code snippets as parameters: 

Gaussian Process Settings: 

gpsf, gpmu, gpell, gpsn 

 

Hyper-prior Settings 

priorsnscale, priorsnmin, priorsfmu 

priorsfsigma, priorsfmin  

priorella, priorellb 

priormumu, priormuvar 

  



ProjectB is a graphical user interface, which allows untrained users to optimize any model 

that can be invoked through a command line. The GUI is built on top of a modular Bayesian 

Optimization library, pybo, which includes most common acquisition functions and kernels 

and more. 

The easiest way to install this package is by running 

pip install -r 

https://github.com/udoniyor/projectb/raw/master/requirements.txt 

pip install git+https://github.com/udoniyor/projectb.git 

The first line installs any dependencies of the package and the second line installs the 

package itself. Alternatively the repository can be cloned directly in order to make any local 

modifications to the code. In this case the dependencies can easily be installed by running 

pip install -r requirements.txt 

from the main directory. 

If you are having trouble installing via pip, try installing scipy and numpy with package 

manager on UNIX based systems. For more details on how to install SciPy stack on your 

machine look here 

If you are on Windows and having troubles with pip, try Anaconda. It includes numpy and 

scipy, therefore reducing the chances of running into an error. 

To invoke the Graphical User Interface, you need to type in following command into the 

command line: 

    python -m projectb.start 

This will launch the GUI of the framework. You may also specify the settings file to prefill 

the fields in the UI. 

    python -m projectb.start /home/user/settingsfile.projectb 

Your settings file can have any extension name, but for clarity purposes keep it simple and 

relevant.  

https://github.com/mwhoffman/pybo
http://www.scipy.org/install.html
http://continuum.io/downloads


The framework can be executed via commandline, but you must specify a settings file. 

Settings file format is a CSV file, with one parameters per line. You will find the 

specification for the settings file in the next section. Alternatively, you may create a settings 

file via the GUI by exporting the settings defined in the UI. To invoke the command line, you 

simply add -cli to the command. 

    python -m projectb.start /home/user/settingsfile.projectb -cli 

Optionally, you can specify the output directory during the invokation. 

    python -m projectb.start /home/user/settingsfile.projectb 

/home/user/outputhere/ -cli 

It is advised to provide an output directory, otherwise the framework will write to the 

directory called from.  






