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Optuna: 一个超参数优化框架

Optuna 是一个特别为机器学习设计的自动超参数优化软件框架.它具有命令式的, define-by-run 风格的 API.由于这种 API 的存在, 用 Optuna 编写的代码模块化程度很高, Optuna 的用户因此也可以动态地构造超参数的搜索空间.


主要特点

Optuna 有如下现代化的功能：


	轻量级、多功能和跨平台架构


	只需少量依赖, 简单安装完成后便可处理各种任务.






	Python 式的搜索空间


	利用熟悉的 Python 语法, 如条件语句和循环来定义搜索空间.






	高效的优化算法


	采用了最先进的超参数采样和最有效的对无望 trial 进行剪枝的算法.






	易用的并行优化


	仅需少量甚至无需代码修改便可将 study 扩展到数十甚至数百个 worker 上.






	便捷的可视化


	查询优化记录.










基本概念

我们以如下方式使用 study 和 trial 这两个术语：


	Study: 基于目标函数的优化过程


	Trial: 目标函数的单次执行过程




请参考下面的示例代码.一个 study 的目的是通过多次 trial (例如 n_trials=100 ) 来找出最佳的超参数值集（比如选择 classifier 还是 svm_c）.而 Optuna 旨在加速和自动化此类 study 优化过程.

[image: Open in Colab] [http://colab.research.google.com/github/optuna/optuna/blob/master/examples/quickstart.ipynb]

import ...

# Define an objective function to be minimized.
def objective(trial):

    # Invoke suggest methods of a Trial object to generate hyperparameters.
    regressor_name = trial.suggest_categorical('classifier', ['SVR', 'RandomForest'])
    if regressor_name == 'SVR':
        svr_c = trial.suggest_float('svr_c', 1e-10, 1e10, log=True)
        regressor_obj = sklearn.svm.SVR(C=svr_c)
    else:
        rf_max_depth = trial.suggest_int('rf_max_depth', 2, 32)
        regressor_obj = sklearn.ensemble.RandomForestRegressor(max_depth=rf_max_depth)

    X, y = sklearn.datasets.load_boston(return_X_y=True)
    X_train, X_val, y_train, y_val = sklearn.model_selection.train_test_split(X, y, random_state=0)

    regressor_obj.fit(X_train, y_train)
    y_pred = regressor_obj.predict(X_val)

    error = sklearn.metrics.mean_squared_error(y_val, y_pred)

    return error  # An objective value linked with the Trial object.

study = optuna.create_study()  # Create a new study.
study.optimize(objective, n_trials=100)  # Invoke optimization of the objective function.







Communication


	可在 GitHub Issues [https://github.com/optuna/optuna/issues] 报告bug、提feature request 和问问题.


	可在 Gitter [https://gitter.im/optuna/optuna] 与开发者互动.


	可在 StackOverflow [https://stackoverflow.com/questions/tagged/optuna] 提问.






贡献

欢迎大家对Optuna的一切贡献！但是在发送 pull request 时请遵从 contribution guide [https://github.com/optuna/optuna/blob/master/CONTRIBUTING.md] 的规范.



License

MIT License (see LICENSE [https://github.com/optuna/optuna/blob/master/LICENSE]).



Reference

Takuya Akiba, Shotaro Sano, Toshihiko Yanase, Takeru Ohta, and Masanori
Koyama. 2019. Optuna: A Next-generation Hyperparameter Optimization
Framework. In KDD (arXiv [https://arxiv.org/abs/1907.10902]).
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安装

Optuna 支持 3.6 或者更新版本的 Python.

我们推荐使用 pip 来安装 Optuna：

$ pip install optuna





你也可以在 Git 仓库的 master 分支下用开发模式安装Optuna：

$ pip install git+https://github.com/optuna/optuna.git





你也可以通过 conda 来安装 Optuna：

$ conda install -c conda-forge optuna








            

          

      

      

    

  

    
      
          
            
  
教程

如果你不熟悉Optuna或者需要一个一般的介绍，我们强烈推荐下面这个视频。


  
    
    

    轻量级、多功能和跨平台架构
    

    

    

    

    

    

    

    

    
 
  

    
      
          
            
  
备注

Click here
to download the full example code




轻量级、多功能和跨平台架构

Optuna 完全由 Python 写成，并且只有少量依赖。这意味着一旦你开始对 Optuna 感兴趣，我们可以快速上手真实的例子。


二次函数的例子

通常，Optuna是用于优化超参数的，但是作为例子，我们这里来优化一个简单的而此函数：\((x - 2)^2\).

首先，导入 optuna.

import optuna





在 Optuna 中，待优化函数一般被命名为 objective.

def objective(trial):
    x = trial.suggest_float("x", -10, 10)
    return (x - 2) ** 2





该函数的返回值是 \((x - 2)^2\). 我们的目标是找到一个 x，使 objective 函数的输出最小。这被称为 “optimization” (优化)。 在优化过程中，Optuna 反复调用目标函数，在不同的 x 下对其进行求值。

一个 Trial 对应着目标函数的单次执行。在每次调用该函数的时候，它都被内部实例化一次。

而 suggest API (例如 suggest_uniform()) 在目标函数内部被调用。它被用于获取单个 trial 的参数。在上面的例子中，suggest_uniform() 在给定的范围（-10 到 10）内均匀地选择参数。

为了开始优化过程，我们将创建一个 study 对象，并将目标函数传递给它的一个方法 optimize()：

study = optuna.create_study()
study.optimize(objective, n_trials=100)





You can get the best parameter as follows.

best_params = study.best_params
found_x = best_params["x"]
print("Found x: {}, (x - 2)^2: {}".format(found_x, (found_x - 2) ** 2))





Out:

Found x: 2.0007453774691357, (x - 2)^2: 5.555875714951739e-07





最佳参数可以通过如下方式获得：


备注

当 Optuna 被用于机器学习时，目标函数通常返回模型的损失或者准确度。





Study 对象

下面是几个常用术语：


	Trial: 目标函数的单次调用


	Study: 一次优化过程，包含一系列的 trials.


	Parameter: 待优化的参数，比如上面例子中的 x.




在 Optuna 中，我们用 study 对象来管理优化过程。 create_study() 方法会返回一个 study 对象。该对象包含若干有用的属性，可以用于分析优化结果。

获得参数名和参数值的字典：

study.best_params





Out:

{'x': 2.0007453774691357}





获得最佳目标函数值：

study.best_value





Out:

5.555875714951739e-07





获得最佳 trial:

study.best_trial





Out:

FrozenTrial(number=46, values=[5.555875714951739e-07], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 266572), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 269818), params={'x': 2.0007453774691357}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=46, state=TrialState.COMPLETE, value=None)





获得所有 trials:

study.trials





Out:

[FrozenTrial(number=0, values=[0.17511330772143616], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 127027), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 127432), params={'x': 2.4184654199828657}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=0, state=TrialState.COMPLETE, value=None), FrozenTrial(number=1, values=[5.55018460646496], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 127925), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 128255), params={'x': 4.355882978092282}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=1, state=TrialState.COMPLETE, value=None), FrozenTrial(number=2, values=[8.18262262981584], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 128683), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 128995), params={'x': -0.8605283829767956}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=2, state=TrialState.COMPLETE, value=None), FrozenTrial(number=3, values=[13.502562948612052], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 129426), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 129744), params={'x': -1.6745833707526696}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=3, state=TrialState.COMPLETE, value=None), FrozenTrial(number=4, values=[4.097234965300769], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 130166), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 130482), params={'x': 4.024162781324854}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=4, state=TrialState.COMPLETE, value=None), FrozenTrial(number=5, values=[53.56822845316632], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 130904), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 131227), params={'x': 9.319031934154019}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=5, state=TrialState.COMPLETE, value=None), FrozenTrial(number=6, values=[18.267873372441038], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 131649), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 131980), params={'x': -2.2740932807369845}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=6, state=TrialState.COMPLETE, value=None), FrozenTrial(number=7, values=[18.646084119202367], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 132429), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 132750), params={'x': -2.318111174947024}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=7, state=TrialState.COMPLETE, value=None), FrozenTrial(number=8, values=[20.994735530038245], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 133174), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 133499), params={'x': -2.5820012581881997}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=8, state=TrialState.COMPLETE, value=None), FrozenTrial(number=9, values=[5.4930707389445725], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 133922), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 134258), params={'x': -0.3437300908902827}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=9, state=TrialState.COMPLETE, value=None), FrozenTrial(number=10, values=[115.85355576747152], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 134692), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 138089), params={'x': -8.763528964399711}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=10, state=TrialState.COMPLETE, value=None), FrozenTrial(number=11, values=[6.969189419890846], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 138587), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 141822), params={'x': 4.639922237470423}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=11, state=TrialState.COMPLETE, value=None), FrozenTrial(number=12, values=[4.1748186083217185], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 142312), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 145362), params={'x': 4.04323728634775}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=12, state=TrialState.COMPLETE, value=None), FrozenTrial(number=13, values=[30.18355405734446], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 145902), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 148934), params={'x': 7.49395613900807}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=13, state=TrialState.COMPLETE, value=None), FrozenTrial(number=14, values=[0.025113897016394486], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 149425), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 152476), params={'x': 1.8415263522966847}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=14, state=TrialState.COMPLETE, value=None), FrozenTrial(number=15, values=[74.38366290953937], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 152964), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 155952), params={'x': -6.624596391109519}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=15, state=TrialState.COMPLETE, value=None), FrozenTrial(number=16, values=[0.09703268629031321], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 156469), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 159535), params={'x': 1.6884992996953085}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=16, state=TrialState.COMPLETE, value=None), FrozenTrial(number=17, values=[0.4125357190870272], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 160043), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 163045), params={'x': 1.3577105643971503}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=17, state=TrialState.COMPLETE, value=None), FrozenTrial(number=18, values=[21.22010016253533], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 163540), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 166568), params={'x': 6.606527994328845}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=18, state=TrialState.COMPLETE, value=None), FrozenTrial(number=19, values=[46.90390780414091], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 167057), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 170131), params={'x': -4.848642770954031}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=19, state=TrialState.COMPLETE, value=None), FrozenTrial(number=20, values=[0.7775069811123316], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 170619), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 173810), params={'x': 1.1182364369558404}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=20, state=TrialState.COMPLETE, value=None), FrozenTrial(number=21, values=[0.012413584718127094], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 174300), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 177367), params={'x': 1.8885837322554417}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=21, state=TrialState.COMPLETE, value=None), FrozenTrial(number=22, values=[0.07511133650160198], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 177865), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 180915), params={'x': 2.2740644750813246}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=22, state=TrialState.COMPLETE, value=None), FrozenTrial(number=23, values=[0.5466776677921873], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 181420), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 184640), params={'x': 2.7393765399254884}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=23, state=TrialState.COMPLETE, value=None), FrozenTrial(number=24, values=[19.25099140158749], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 185130), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 188191), params={'x': 6.387595172937846}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=24, state=TrialState.COMPLETE, value=None), FrozenTrial(number=25, values=[4.3749649721785415], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 188685), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 191725), params={'x': -0.09164169306756298}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=25, state=TrialState.COMPLETE, value=None), FrozenTrial(number=26, values=[11.312722846060762], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 192310), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 195313), params={'x': 5.363439139639777}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=26, state=TrialState.COMPLETE, value=None), FrozenTrial(number=27, values=[43.06511215794055], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 195808), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 198887), params={'x': 8.562401401769062}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=27, state=TrialState.COMPLETE, value=None), FrozenTrial(number=28, values=[38.688448825253964], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 199385), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 202518), params={'x': -4.220003924858405}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=28, state=TrialState.COMPLETE, value=None), FrozenTrial(number=29, values=[0.5913731357096472], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 203020), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 206167), params={'x': 2.7690078905379627}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=29, state=TrialState.COMPLETE, value=None), FrozenTrial(number=30, values=[0.37483742192540864], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 206673), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 209816), params={'x': 2.61223967686308}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=30, state=TrialState.COMPLETE, value=None), FrozenTrial(number=31, values=[0.5161944340333385], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 210314), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 213499), params={'x': 1.2815332756255593}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=31, state=TrialState.COMPLETE, value=None), FrozenTrial(number=32, values=[0.7617263879426132], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 213996), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 217153), params={'x': 1.1272306215599603}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=32, state=TrialState.COMPLETE, value=None), FrozenTrial(number=33, values=[1.0794389251182408], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 217650), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 220818), params={'x': 3.038960502193534}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=33, state=TrialState.COMPLETE, value=None), FrozenTrial(number=34, values=[0.13289479251062056], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 221316), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 224805), params={'x': 1.6354526196629298}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=34, state=TrialState.COMPLETE, value=None), FrozenTrial(number=35, values=[11.446686965195555], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 225304), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 228950), params={'x': -1.3832952819988316}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=35, state=TrialState.COMPLETE, value=None), FrozenTrial(number=36, values=[2.9878511097283753], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 229449), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 232615), params={'x': 0.2714598327697515}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=36, state=TrialState.COMPLETE, value=None), FrozenTrial(number=37, values=[10.593822650257883], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 233162), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 236361), params={'x': 5.25481530201913}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=37, state=TrialState.COMPLETE, value=None), FrozenTrial(number=38, values=[2.213699158511425], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 236872), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 240046), params={'x': 3.4878505161848166}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=38, state=TrialState.COMPLETE, value=None), FrozenTrial(number=39, values=[30.215990740533847], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 240557), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 243670), params={'x': -3.4969073796575696}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=39, state=TrialState.COMPLETE, value=None), FrozenTrial(number=40, values=[7.588837313086679], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 244202), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 247391), params={'x': -0.7547844404030379}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=40, state=TrialState.COMPLETE, value=None), FrozenTrial(number=41, values=[0.00290412150271473], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 247903), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 251074), params={'x': 1.9461100983233897}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=41, state=TrialState.COMPLETE, value=None), FrozenTrial(number=42, values=[0.00027037325027566095], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 251580), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 254812), params={'x': 1.9835569695531614}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=42, state=TrialState.COMPLETE, value=None), FrozenTrial(number=43, values=[2.031819158341656], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 255317), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 258515), params={'x': 0.5745810586562083}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=43, state=TrialState.COMPLETE, value=None), FrozenTrial(number=44, values=[6.38628859133542], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 259029), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 262271), params={'x': 4.527110720038879}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=44, state=TrialState.COMPLETE, value=None), FrozenTrial(number=45, values=[3.097905002315559], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 262782), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 266067), params={'x': 3.760086646252269}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=45, state=TrialState.COMPLETE, value=None), FrozenTrial(number=46, values=[5.555875714951739e-07], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 266572), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 269818), params={'x': 2.0007453774691357}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=46, state=TrialState.COMPLETE, value=None), FrozenTrial(number=47, values=[2.620533320149347], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 270328), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 273579), params={'x': 0.3811938596146396}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=47, state=TrialState.COMPLETE, value=None), FrozenTrial(number=48, values=[0.01866236563727553], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 274089), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 277309), params={'x': 2.1366102691501467}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=48, state=TrialState.COMPLETE, value=None), FrozenTrial(number=49, values=[12.125057471377989], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 277828), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 281250), params={'x': -1.4821053216951938}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=49, state=TrialState.COMPLETE, value=None), FrozenTrial(number=50, values=[6.953694426075021], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 281764), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 285008), params={'x': -0.6369858600445739}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=50, state=TrialState.COMPLETE, value=None), FrozenTrial(number=51, values=[0.005642228727751361], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 285520), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 288791), params={'x': 2.07511477037009}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=51, state=TrialState.COMPLETE, value=None), FrozenTrial(number=52, values=[2.481284166330171], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 289307), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 292558), params={'x': 3.5752092452528874}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=52, state=TrialState.COMPLETE, value=None), FrozenTrial(number=53, values=[0.07527163820774595], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 293077), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 296308), params={'x': 2.2743567717548556}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=53, state=TrialState.COMPLETE, value=None), FrozenTrial(number=54, values=[8.353249507608016], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 296825), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 300075), params={'x': 4.890198869906363}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=54, state=TrialState.COMPLETE, value=None), FrozenTrial(number=55, values=[15.473715966276579], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 300621), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 303887), params={'x': 5.933664445053312}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=55, state=TrialState.COMPLETE, value=None), FrozenTrial(number=56, values=[1.9737793578202127], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 304471), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 307654), params={'x': 0.5950874198654876}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=56, state=TrialState.COMPLETE, value=None), FrozenTrial(number=57, values=[0.019405400182998345], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 308234), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 311425), params={'x': 1.8606967330498012}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=57, state=TrialState.COMPLETE, value=None), FrozenTrial(number=58, values=[4.401077263262311], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 312020), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 315182), params={'x': 4.09787446317989}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=58, state=TrialState.COMPLETE, value=None), FrozenTrial(number=59, values=[1.889278069298502], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 315736), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 318988), params={'x': 3.374510119751216}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=59, state=TrialState.COMPLETE, value=None), FrozenTrial(number=60, values=[0.011652917487524122], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 319507), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 323082), params={'x': 2.1079486798785614}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=60, state=TrialState.COMPLETE, value=None), FrozenTrial(number=61, values=[0.002115239083029317], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 323638), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 326887), params={'x': 2.045991728419677}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=61, state=TrialState.COMPLETE, value=None), FrozenTrial(number=62, values=[4.206232131689771], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 327442), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 330702), params={'x': -0.05091007401342962}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=62, state=TrialState.COMPLETE, value=None), FrozenTrial(number=63, values=[1.0872842056866994], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 331258), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 334529), params={'x': 3.0427292101436016}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=63, state=TrialState.COMPLETE, value=None), FrozenTrial(number=64, values=[0.9340137931005128], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 335071), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 338365), params={'x': 1.0335561096988026}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=64, state=TrialState.COMPLETE, value=None), FrozenTrial(number=65, values=[0.015887482920919283], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 338921), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 342205), params={'x': 2.1260455589099405}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=65, state=TrialState.COMPLETE, value=None), FrozenTrial(number=66, values=[0.9656106661563976], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 342763), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 346023), params={'x': 1.017345093048227}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=66, state=TrialState.COMPLETE, value=None), FrozenTrial(number=67, values=[0.3009435278843816], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 346581), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 349868), params={'x': 2.5485832005123576}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=67, state=TrialState.COMPLETE, value=None), FrozenTrial(number=68, values=[17.230203294458455], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 350415), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 353681), params={'x': -2.1509280040080747}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=68, state=TrialState.COMPLETE, value=None), FrozenTrial(number=69, values=[4.9434761059690215], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 354240), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 357570), params={'x': 4.223392926580685}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=69, state=TrialState.COMPLETE, value=None), FrozenTrial(number=70, values=[0.0451969426865006], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 358129), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 361433), params={'x': 1.787404274063422}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=70, state=TrialState.COMPLETE, value=None), FrozenTrial(number=71, values=[1.0626697305956325], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 361997), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 365290), params={'x': 3.0308587345488385}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=71, state=TrialState.COMPLETE, value=None), FrozenTrial(number=72, values=[0.014831854679878848], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 365851), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 369147), params={'x': 2.12178610216227}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=72, state=TrialState.COMPLETE, value=None), FrozenTrial(number=73, values=[0.25958207934605604], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 369705), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 373011), params={'x': 1.490508018369223}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=73, state=TrialState.COMPLETE, value=None), FrozenTrial(number=74, values=[5.565757067348065], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 373569), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 376872), params={'x': -0.3591856788621077}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=74, state=TrialState.COMPLETE, value=None), FrozenTrial(number=75, values=[1.371920143202178], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 377433), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 380744), params={'x': 0.828710051608835}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=75, state=TrialState.COMPLETE, value=None), FrozenTrial(number=76, values=[0.297429692830697], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 381304), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 384613), params={'x': 2.5453711514470645}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=76, state=TrialState.COMPLETE, value=None), FrozenTrial(number=77, values=[1.4285372905339677], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 385175), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 388481), params={'x': 3.195214328283412}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=77, state=TrialState.COMPLETE, value=None), FrozenTrial(number=78, values=[0.21050282840328488], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 389040), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 392336), params={'x': 1.5411941277584986}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=78, state=TrialState.COMPLETE, value=None), FrozenTrial(number=79, values=[9.694970600227476], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 392896), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 396523), params={'x': -1.113674774318518}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=79, state=TrialState.COMPLETE, value=None), FrozenTrial(number=80, values=[3.5500247307859993], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 397085), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 400407), params={'x': 0.11584906900057512}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=80, state=TrialState.COMPLETE, value=None), FrozenTrial(number=81, values=[0.028527127006948625], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 400967), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 404287), params={'x': 2.1688997543128723}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=81, state=TrialState.COMPLETE, value=None), FrozenTrial(number=82, values=[3.451733794781739], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 404847), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 408168), params={'x': 3.8578842253439096}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=82, state=TrialState.COMPLETE, value=None), FrozenTrial(number=83, values=[0.010691879022229478], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 408720), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 412075), params={'x': 2.1034015426491766}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=83, state=TrialState.COMPLETE, value=None), FrozenTrial(number=84, values=[0.5005413489193208], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 412627), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 415945), params={'x': 2.7074894691225593}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=84, state=TrialState.COMPLETE, value=None), FrozenTrial(number=85, values=[0.28584821590567494], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 416523), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 419843), params={'x': 1.465352250630684}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=85, state=TrialState.COMPLETE, value=None), FrozenTrial(number=86, values=[131.74886759988212], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 420432), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 423745), params={'x': -9.478190955019093}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=86, state=TrialState.COMPLETE, value=None), FrozenTrial(number=87, values=[7.923881860381277], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 424344), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 427660), params={'x': 4.814939050917671}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=87, state=TrialState.COMPLETE, value=None), FrozenTrial(number=88, values=[1.6991662178012814], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 428251), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 431584), params={'x': 0.6964792990514952}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=88, state=TrialState.COMPLETE, value=None), FrozenTrial(number=89, values=[0.007305279722261716], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 432173), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 435494), params={'x': 1.9145290708938898}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=89, state=TrialState.COMPLETE, value=None), FrozenTrial(number=90, values=[2.2525044712393463], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 436091), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 439416), params={'x': 3.5008345915654218}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=90, state=TrialState.COMPLETE, value=None), FrozenTrial(number=91, values=[0.013611941728996074], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 440012), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 443347), params={'x': 1.8833297735967052}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=91, state=TrialState.COMPLETE, value=None), FrozenTrial(number=92, values=[0.034969095499672066], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 443932), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 447402), params={'x': 1.8129997446534576}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=92, state=TrialState.COMPLETE, value=None), FrozenTrial(number=93, values=[0.5920434719980951], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 447982), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 451344), params={'x': 1.2305563880321735}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=93, state=TrialState.COMPLETE, value=None), FrozenTrial(number=94, values=[4.972439816515154], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 451924), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 455286), params={'x': -0.2298968174593088}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=94, state=TrialState.COMPLETE, value=None), FrozenTrial(number=95, values=[0.954822669288232], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 455858), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 459242), params={'x': 2.9771502797872147}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=95, state=TrialState.COMPLETE, value=None), FrozenTrial(number=96, values=[2.892535897293333], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 459805), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 463367), params={'x': 0.2992543113994576}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=96, state=TrialState.COMPLETE, value=None), FrozenTrial(number=97, values=[0.29336229215312165], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 463947), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 467380), params={'x': 2.541629294031556}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=97, state=TrialState.COMPLETE, value=None), FrozenTrial(number=98, values=[1.3957190045137042], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 467957), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 471337), params={'x': 0.8185944792266695}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=98, state=TrialState.COMPLETE, value=None), FrozenTrial(number=99, values=[0.0020225435919977103], datetime_start=datetime.datetime(2022, 5, 26, 12, 5, 35, 471909), datetime_complete=datetime.datetime(2022, 5, 26, 12, 5, 35, 475297), params={'x': 1.9550273017042816}, distributions={'x': UniformDistribution(high=10.0, low=-10.0)}, user_attrs={}, system_attrs={}, intermediate_values={}, trial_id=99, state=TrialState.COMPLETE, value=None)]





获得 trial 的数目：

len(study.trials)





Out:

100





再次执行 optimize()，我们可以继续优化过程。

study.optimize(objective, n_trials=100)





获得更新后的的 trial 数量：

len(study.trials)





Out:

200





由于此目标函数非常简单，所以后面的 100 个trial 并没有提升结果。然而，我们可以再一次检查该结果：

best_params = study.best_params
found_x = best_params["x"]
print("Found x: {}, (x - 2)^2: {}".format(found_x, (found_x - 2) ** 2))





Out:

Found x: 2.0007453774691357, (x - 2)^2: 5.555875714951739e-07





Total running time of the script: ( 0 minutes  0.799 seconds)



Download Python source code: 001_first.py




Download Jupyter notebook: 001_first.ipynb
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Python 式的搜索空间

对于超参数采样，Optuna 提供了以下特性：


	optuna.trial.Trial.suggest_categorical()  用于类别参数


	optuna.trial.Trial.suggest_int() 用于整形参数


	optuna.trial.Trial.suggest_float() 用于浮点型参数




通过可选的 step 与 log 参数，我们可以对整形或者浮点型参数进行离散化或者取对数操作。

import optuna


def objective(trial):
    # Categorical parameter
    optimizer = trial.suggest_categorical("optimizer", ["MomentumSGD", "Adam"])

    # Integer parameter
    num_layers = trial.suggest_int("num_layers", 1, 3)

    # Integer parameter (log)
    num_channels = trial.suggest_int("num_channels", 32, 512, log=True)

    # Integer parameter (discretized)
    num_units = trial.suggest_int("num_units", 10, 100, step=5)

    # Floating point parameter
    dropout_rate = trial.suggest_float("dropout_rate", 0.0, 1.0)

    # Floating point parameter (log)
    learning_rate = trial.suggest_float("learning_rate", 1e-5, 1e-2, log=True)

    # Floating point parameter (discretized)
    drop_path_rate = trial.suggest_float("drop_path_rate", 0.0, 1.0, step=0.1)






定义参数空间

在 Optuna 中，我们使用和 Python 语法类似的方式来定义搜索空间，其中包含条件和循环语句。

类似地，你也可以根据参数值采用分支或者循环。

更多用法见 examples [https://github.com/optuna/optuna/tree/master/examples].


	分支：




import sklearn.ensemble
import sklearn.svm


def objective(trial):
    classifier_name = trial.suggest_categorical("classifier", ["SVC", "RandomForest"])
    if classifier_name == "SVC":
        svc_c = trial.suggest_float("svc_c", 1e-10, 1e10, log=True)
        classifier_obj = sklearn.svm.SVC(C=svc_c)
    else:
        rf_max_depth = trial.suggest_int("rf_max_depth", 2, 32, log=True)
        classifier_obj = sklearn.ensemble.RandomForestClassifier(max_depth=rf_max_depth)






	循环：




import torch
import torch.nn as nn


def create_model(trial, in_size):
    n_layers = trial.suggest_int("n_layers", 1, 3)

    layers = []
    for i in range(n_layers):
        n_units = trial.suggest_int("n_units_l{}".format(i), 4, 128, log=True)
        layers.append(nn.Linear(in_size, n_units))
        layers.append(nn.ReLU())
        in_size = n_units
    layers.append(nn.Linear(in_size, 10))

    return nn.Sequential(*layers)






关于参数个数的注意事项

随着参数个数的增长，优化的难度约呈指数增长。也就是说，当你增加参数的个数的时候，优化所需要的 trial 个数会呈指数增长。因此我们不推荐增加不必要的参数。

Total running time of the script: ( 0 minutes  0.001 seconds)



Download Python source code: 002_configurations.py




Download Jupyter notebook: 002_configurations.ipynb
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高效的优化算法

通过采用最先进的超参数采样算法和对无望 trial 的剪枝， Optuna使得高效的超参数优化成为可能。


采样算法

利用 suggested 参数值和评估的目标值的记录，采样器基本上不断缩小搜索空间，直到找到一个最佳的搜索空间，其产生的参数会带来 更好的目标函数值。关于采样器如何 suggest 参数的更详细的解释见 optuna.samplers.BaseSampler.

Optuna 提供了下列采样算法：


	optuna.samplers.TPESampler 实现的 Tree-structured Parzen Estimator 算法


	optuna.samplers.CmaEsSampler 实现的 CMA-ES 算法


	optuna.samplers.GridSampler 实现的网格搜索


	optuna.samplers.RandomSampler 实现的随机搜索




默认的采样器是 optuna.samplers.TPESampler.



切换采样器

import optuna





默认情况下， Optuna 这样使用 TPESampler.

study = optuna.create_study()
print(f"Sampler is {study.sampler.__class__.__name__}")





Out:

Sampler is TPESampler





如果你希望使用其他采样器，比如 RandomSampler 和 CmaEsSampler,

study = optuna.create_study(sampler=optuna.samplers.RandomSampler())
print(f"Sampler is {study.sampler.__class__.__name__}")

study = optuna.create_study(sampler=optuna.samplers.CmaEsSampler())
print(f"Sampler is {study.sampler.__class__.__name__}")





Out:

Sampler is RandomSampler
Sampler is CmaEsSampler







剪枝算法

Pruners  自动在训练的早期（也就是自动化的 early-stopping）终止无望的 trial.

Optuna 提供以下剪枝算法：


	optuna.pruners.SuccessiveHalvingPruner 实现的 Asynchronous Successive Halving 算法。


	optuna.pruners.HyperbandPruner 实现的 Hyperband 算法。


	optuna.pruners.MedianPruner 实现的中位数剪枝算法


	optuna.pruners.ThresholdPruner 实现的阈值剪枝算法




在大多数例子中我们采用的 optuna.pruners.MedianPruner, 尽管其性能基本上会被 optuna.pruners.SuccessiveHalvingPruner 和 optuna.pruners.HyperbandPruner 超过，就像在 这个基准测试结果 [https://github.com/optuna/optuna/wiki/Benchmarks-with-Kurobako] 中那样.



激活 Pruner

要打开剪枝特性的话，你需要在迭代式训练的每一步后调用 report() 和 should_prune(). report() 定期监控目标函数的中间值. should_prune() 确定终结那些没有达到预先设定条件的 trial.

我们推荐在主流机器学习框架中使用集成模块，全部的模块列表在 optuna.integration 里，用例见 optuna/examples [https://github.com/optuna/optuna/tree/master/examples/].

import logging
import sys

import sklearn.datasets
import sklearn.linear_model
import sklearn.model_selection


def objective(trial):
    iris = sklearn.datasets.load_iris()
    classes = list(set(iris.target))
    train_x, valid_x, train_y, valid_y = sklearn.model_selection.train_test_split(
        iris.data, iris.target, test_size=0.25, random_state=0
    )

    alpha = trial.suggest_float("alpha", 1e-5, 1e-1, log=True)
    clf = sklearn.linear_model.SGDClassifier(alpha=alpha)

    for step in range(100):
        clf.partial_fit(train_x, train_y, classes=classes)

        # Report intermediate objective value.
        intermediate_value = 1.0 - clf.score(valid_x, valid_y)
        trial.report(intermediate_value, step)

        # Handle pruning based on the intermediate value.
        if trial.should_prune():
            raise optuna.TrialPruned()

    return 1.0 - clf.score(valid_x, valid_y)





将中位数终止规则设置为剪枝条件。

# Add stream handler of stdout to show the messages
optuna.logging.get_logger("optuna").addHandler(logging.StreamHandler(sys.stdout))
study = optuna.create_study(pruner=optuna.pruners.MedianPruner())
study.optimize(objective, n_trials=20)





Out:

A new study created in memory with name: no-name-2550f085-0161-4804-aabe-dafd3d2a69fc
Trial 0 finished with value: 0.23684210526315785 and parameters: {'alpha': 0.0056457619503721985}. Best is trial 0 with value: 0.23684210526315785.
Trial 1 finished with value: 0.10526315789473684 and parameters: {'alpha': 0.0004415029135399882}. Best is trial 1 with value: 0.10526315789473684.
Trial 2 finished with value: 0.2894736842105263 and parameters: {'alpha': 0.003557613371651606}. Best is trial 1 with value: 0.10526315789473684.
Trial 3 finished with value: 0.10526315789473684 and parameters: {'alpha': 1.9394951442030858e-05}. Best is trial 1 with value: 0.10526315789473684.
Trial 4 finished with value: 0.39473684210526316 and parameters: {'alpha': 2.6138481035133756e-05}. Best is trial 1 with value: 0.10526315789473684.
Trial 5 pruned.
Trial 6 finished with value: 0.26315789473684215 and parameters: {'alpha': 0.006413605309772462}. Best is trial 1 with value: 0.10526315789473684.
Trial 7 pruned.
Trial 8 pruned.
Trial 9 pruned.
Trial 10 finished with value: 0.3421052631578947 and parameters: {'alpha': 0.0003506682152386342}. Best is trial 1 with value: 0.10526315789473684.
Trial 11 pruned.
Trial 12 pruned.
Trial 13 pruned.
Trial 14 pruned.
Trial 15 pruned.
Trial 16 pruned.
Trial 17 pruned.
Trial 18 pruned.
Trial 19 pruned.





如你所见，有几个 trial 在其迭代完成之前被剪枝（终止）了。消息格式是 "Trial <Trial Number> pruned.".



应该使用哪个 pruner 呢？

对于非深度学习来说，根据 optuna/optuna - wiki “Benchmarks with Kurobako” [https://github.com/optuna/optuna/wiki/Benchmarks-with-Kurobako] 里的基准测试结果，我们推荐


	对 optuna.samplers.RandomSampler 而言 optuna.pruners.MedianPruner 是最好的。


	对于 optuna.samplers.TPESampler 而言 optuna.pruners.Hyperband 是最好的。




不过，注意这个基准测试不是深度学习。对于深度学习而言，请参考 Ozaki et al, Hyperparameter Optimization Methods: Overview and Characteristics, in IEICE Trans, Vol.J103-D No.9 pp.615-631, 2020 [https://doi.org/10.14923/transinfj.2019JDR0003] 里的这张表格。








	Parallel Compute Resource

	Categorical/Conditional Hyperparameters

	Recommended Algorithms





	Limited

	No

	TPE. GP-EI if search space is low-dimensional and continuous.



	Yes

	TPE. GP-EI if search space is low-dimensional and continuous



	Sufficient

	No

	CMA-ES, Random Search



	Yes

	Random Search or Genetic Algorithm








用于剪枝的集成模块

为了用最简单的形式实现剪枝算法，Optuna 为以下库提供了集成模块。

关于 Optuna 集成模块的完整列表，参见 optuna.integration.

For example, XGBoostPruningCallback introduces pruning without directly changing the logic of training iteration.
(See also example [https://github.com/optuna/optuna/blob/master/examples/xgboost/xgboost_integration.py] for the entire script.)

pruning_callback = optuna.integration.XGBoostPruningCallback(trial, 'validation-error')
bst = xgb.train(param, dtrain, evals=[(dvalid, 'validation')], callbacks=[pruning_callback])





Total running time of the script: ( 0 minutes  1.443 seconds)



Download Python source code: 003_efficient_optimization_algorithms.py




Download Jupyter notebook: 003_efficient_optimization_algorithms.ipynb
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简单的并行化

并行化非常直接 optuna.study.Study.optimize().

如果你想要手动执行 Optuna 的优化：



	启动一个 RDB 服务器（在本例中我们用 MySQL）


	通过 –storage 参数创建 study


	在多个节点和进程之间共享 study







当然，你可以像 the kubernetes examples [https://github.com/optuna/optuna/tree/master/examples/kubernetes] 里一样使用 Kubernetes.

要看并行优化怎么进行的化，请查看下面这个视频。
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用于超参数优化分析的快速可视化

Optuna 在 optuna.visualization 里提供了各种可视化特性用于分析优化结果。

通过可视化乳腺癌数据集 上的 lightgbm 历史记录，本教程将带你体验此模块。

import lightgbm as lgb
import numpy as np
import sklearn.datasets
import sklearn.metrics
from sklearn.model_selection import train_test_split

import optuna
from optuna.visualization import plot_contour
from optuna.visualization import plot_edf
from optuna.visualization import plot_intermediate_values
from optuna.visualization import plot_optimization_history
from optuna.visualization import plot_parallel_coordinate
from optuna.visualization import plot_param_importances
from optuna.visualization import plot_slice

SEED = 42

np.random.seed(SEED)





定义目标函数

def objective(trial):
    data, target = sklearn.datasets.load_breast_cancer(return_X_y=True)
    train_x, valid_x, train_y, valid_y = train_test_split(data, target, test_size=0.25)
    dtrain = lgb.Dataset(train_x, label=train_y)
    dvalid = lgb.Dataset(valid_x, label=valid_y)

    param = {
        "objective": "binary",
        "metric": "auc",
        "verbosity": -1,
        "boosting_type": "gbdt",
        "bagging_fraction": trial.suggest_float("bagging_fraction", 0.4, 1.0),
        "bagging_freq": trial.suggest_int("bagging_freq", 1, 7),
        "min_child_samples": trial.suggest_int("min_child_samples", 5, 100),
    }

    # Add a callback for pruning.
    pruning_callback = optuna.integration.LightGBMPruningCallback(trial, "auc")
    gbm = lgb.train(
        param, dtrain, valid_sets=[dvalid], verbose_eval=False, callbacks=[pruning_callback]
    )

    preds = gbm.predict(valid_x)
    pred_labels = np.rint(preds)
    accuracy = sklearn.metrics.accuracy_score(valid_y, pred_labels)
    return accuracy





study = optuna.create_study(
    direction="maximize",
    sampler=optuna.samplers.TPESampler(seed=SEED),
    pruner=optuna.pruners.MedianPruner(n_warmup_steps=10),
)
study.optimize(objective, n_trials=100, timeout=600)





Out:

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument is deprecated and will be removed in a future release of LightGBM. Pass 'log_evaluation()' callback via 'callbacks' argument instead.

/home/docs/checkouts/readthedocs.org/user_builds/optuna-zh-cn/envs/stable/lib/python3.7/site-packages/lightgbm/engine.py:239: UserWarning:

'verbose_eval' argument 