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Abstract: Crime issues have been attracting widespread attention from citizens and managers of
cities due to their unexpected and massive consequences. As an effective technique to prevent and
control urban crimes, the data-driven spatial–temporal crime prediction can provide reasonable
estimations associated with the crime hotspot. It thus contributes to the decision making of relevant
departments under limited resources, as well as promotes civilized urban development. However,
the deficient performance in the aspect of the daily spatial–temporal crime prediction at the urban-
district-scale needs to be further resolved, which serves as a critical role in police resource allocation.
In order to establish a practical and effective daily crime prediction framework at an urban police-
district-scale, an “online” integrated graph model is proposed. A residual neural network (ResNet),
graph convolutional network (GCN), and long short-term memory (LSTM) are integrated with
an attention mechanism in the proposed model to extract and fuse the spatial–temporal features,
topological graphs, and external features. Then, the “online” integrated graph model is validated by
daily theft and assault data within 22 police districts in the city of Chicago, US from 1 January 2015
to 7 January 2020. Additionally, several widely used baseline models, including autoregressive
integrated moving average (ARIMA), ridge regression, support vector regression (SVR), random
forest, extreme gradient boosting (XGBoost), LSTM, convolutional neural network (CNN), and Conv-
LSTM models, are compared with the proposed model from a quantitative point of view by using the
same dataset. The results show that the predicted spatial–temporal patterns by the proposed model
are close to the observations. Moreover, the integrated graph model performs more accurately since it
has lower average values of the mean absolute error (MAE) and root mean square error (RMSE) than
the other eight models. Therefore, the proposed model has great potential in supporting the decision
making for the police in the fields of patrolling and investigation, as well as resource allocation.

Keywords: urban crime; graph convolutional network; attention mechanism; spatial–temporal
prediction; LSTM network

1. Introduction

In recent years, spatial–temporal crime prediction technology has been rapidly de-
veloped. With deriving data that include the crime incidents number, population density,
weather variables, etc., spatial–temporal patterns of assault, robbery, theft, or other types
of crimes can be predicted with the help of machine learning (especially deep learning)
and other methods [1–8]. It provides references and predictions about when and where
the crime hotspot would be to the police in advance, so it contributes to crime prevention
as well as better police resources allocations. With respect to practicality, the accuracy of
crime prediction can be regarded as the most important indicator.
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In order to establish accurate spatial–temporal crime prediction models, support
vector machine (SVM), random forest (RF), and other machine learning algorithms were
adopted to predict the spatial and temporal distributions of different types of crimes.
For example, Ingilevich and Ivanov [9] made a comparative study about three predictive
models (linear regression, logistic regression, and gradient boosting) and pointed out
that the accuracy of the gradient boosting model (which is a typical machine learning
model) was much higher than that of the other two statistics-based models. Yu et al. [10]
proposed a new ST-cokriging method for crime prediction on weekly, biweekly, and quad-
weekly scales, and the validation results showed that the minimum root mean square
error (RMSE = 0.145) was on the weekly scale. Compared with spatial–temporal prediction,
the time series prediction of crime has been studied by more scholars by using machine
learning frameworks. Dash et al. [11] utilized various public city data to predict the time
series of the crime incidents number of Chicago in the US, and reported that the prediction
performance of the support vector regression was higher than that of the polynomial and
auto-regressive methods. Chen et al. [12] applied a support vector machine method based
on fuzzy information granulation to analyze and forecast the crime rates in a city of China,
and the results indicated that the accuracy of this model is much better than that of ARIMA.
Pillai [13] adopted machine learning models extreme gradient boosting (XGBoost), random
forest, etc., to predict the violation and narcotics crimes in Chicago, and found that XGBoost
outperformed all of the other models, with the highest R2 value of 88% and RMSE value
of 2.57 towards crime incidents. In general, machine-learning-based methods are more
successful in time series predictions than spatial–temporal predictions of crimes. One of
the most important shortcomings may be that the ability of the spatial feature extraction of
these models is inadequate.

In the last decades, deep neural networks became a fruitful approach to address
the problems of complex feature engineering with their powerful self-learning capacity.
Deep neural networks have been stimulated and widely applied in the fields of com-
puter vision [14,15]. With deep learning, complicated spatial–temporal features of crimes
can be captured and utilized to predict the future patterns of crimes. Li et al. [16] fore-
casted the yearly property crime incidents number of a city (with a spatial resolution of
100 m × 100 m) that is located in the south of China by using back propagation (BP) neural
networks and genetic algorithms. Zhang et al. [17] studied the hourly prediction of crime
patterns in the city of Suzhou in China based on the spatial–temporal residual networks
(ST-ResNet) model: an adaptive spatial resolution method was proposed to find out the
best spatial resolution for crime risk prediction, and the results pointed out that a 2.4 km
spatial resolution can obtain the best performance for crime prediction (RMSE = 7.81).
Qian et al. [18] established the GeST model based on grid division to predict the number
of theft crimes in New York City from 2011 to 2018: the experimental result on the test
set was better than ARIMA, LSTM, and other models. Zhang et al. [19] designed a new
optimization modeling method for crime prediction based on the grid management concept
by using a BP neural network algorithm, which was validated by the data of four different
crimes in Chicago, and the results showed that the RMSE of this method fell by approx-
imately 9% on average compared with the traditional meshless models. Han et al. [20]
proposed an integrated model of crime prediction by combining LSTM with ST-GCN to
forecast the spatial–temporal crime risk of urban communities in Chicago, and the result
showed that this model had been verified by practical examples and achieved a superior
prediction to Ridge, random forest, and LSTM models.

As reported by the previous literatures, deep learning methods seem to be more suit-
able for spatial–temporal crime prediction than the traditional machine learning algorithms.
However, for the purposes of supporting decision making for the police, there are still three
main gaps. Firstly, most of the previous studies focused on yearly, monthly, or weekly
scales rather than a daily scale due to the insufficient accuracy of the models. A few studies
focused on a daily (even hourly) scale, but usually obtained relatively larger errors in terms
of RMSE or MAPE [9,10,16–20]. With respect to security inspection and patrolling, as well
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as other associated jobs, police may be more interested in the effective daily crime prediction
results. Secondly, a considerable number of studies are based on regular spatial–temporal
grids for spatial division [9,16–19], but this is inconsistent with actual administrative areas.
Generally, policing strategies should be consistent within the same administrative area
(such as the community or police district). As a risk compensation element, it may affect
the spatial–temporal distribution of crimes. Thus, the grid-based deep learning frame-
works may have limited accuracy in terms of spatial–temporal crime predictions. Thirdly,
spatial–temporal crime prediction models should also pay attention to convenience and
feasibility. However, most of the module connections of the present models are “offline”,
which means that the spatial prediction module and the temporal prediction module are
separated, not “online”. This may affect its convenience in practical applications.

To address these shortcomings, an “online” integrated graph model based on the
attention mechanism for spatial–temporal crime prediction is proposed in this study. This
model combines a residual neural network (ResNet), graph convolutional network (GCN),
and LSTM to extract spatial–temporal features from the crime data. Moreover, the topo-
logical relationship among different urban districts is also captured, and the attention
mechanism is incorporated into this model. The attention probability distribution can
give high weight to the critical information while ruling out irrelevant information in the
proposed model. Finally, feature fusion is completed through the weighted calculation
of multiple features; meanwhile, the “offline” problem is solved as well. To validate this
“online” integrated graph model, the daily theft and assault data in a police-district scale of
the city of Chicago in the US from 1 January 2015, to 7 January 2020 are used. Indices of
mean absolute error (MAE) and RMSE are employed to quantitatively evaluate this model.
Furthermore, comparative analysis is also carried out in this study with other eight models
applied in previous studies.

The rest of this paper is organized as follows. Section 2 describes the investigated area;
presents the data used for the model validation; elaborates on the spatial–temporal crime
prediction algorithm and the validation schemes. Section 3 is about the prediction results
and discussions. Finally, Section 4 summarizes our main contributions and puts forward a
set of recommendations for further study.

2. Materials and Methods
2.1. Study Area and Data Description

The city of Chicago was selected as the investigated area. It is the most densely
populated city in Illinois, and the third-largest city in the United States, following New
York City and Los Angeles. By the end of 2020, the estimated population of Chicago is
2,746,388 (Source: https://www.census.gov/, accessed on 1 October 2020). Chicago is in
the center of the North American continent, and it is one of the most important international
financial centers. As a typical large city, Chicago suffers from a large number of crimes,
including the types of assaults, burglary, theft, etc., so it is very suitable for validating
crime prediction models. A number of previous studies also chose this city to validate their
proposed crime prediction methods, which can provide comparisons for this research.

This city has 22 police districts that overlap with 77 communities (as shown in Figure 1).
In some of the police districts, one police station may serve multiple communities, while
it is also possible that one community is covered by more than one police district. As
the smallest cell of a city, the community is usually selected as the spatial unit to predict
the spatial–temporal patterns of crime in previous studies [6,20–23]. However, in this
study, spatial areas were divided by police districts. As is well known, crime risk is not
only affected by population density, traffic environment, economic level, etc., but is also
considerably influenced by the work of the police (such as patrolling, security check, etc.),
which should be considered as a non-ignorable risk compensation factor. Within the
same police district, the police strategy usually has spatial homogeneity. By contrast, the
strategies may be varied between different police districts so that the impacts of police
on crime risks may be quite different. This is why we chose police districts (rather than

https://www.census.gov/
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communities) to spatially divide the city. Another reason is that the spatial–temporal crime
prediction results in a specific police district that can be applied directly to supporting the
decision making with respect to police resource allocation within this district. As shown
in Figure 1, the 22 police districts of Chicago are numbered from 1 to 25, excluding 13, 21,
and 23, in which, the largest and the smallest police districts have areas of 816.6 km2 and
79.9 km2, respectively.

ISPRS Int. J. Geo-Inf. 2022, 11, x FOR PEER REVIEW 4 of 21 
 

 

which should be considered as a non-ignorable risk compensation factor. Within the same 
police district, the police strategy usually has spatial homogeneity. By contrast, the strat-
egies may be varied between different police districts so that the impacts of police on 
crime risks may be quite different. This is why we chose police districts (rather than com-
munities) to spatially divide the city. Another reason is that the spatial–temporal crime 
prediction results in a specific police district that can be applied directly to supporting the 
decision making with respect to police resource allocation within this district. As shown 
in Figure 1, the 22 police districts of Chicago are numbered from 1 to 25, excluding 13, 21, 
and 23, in which, the largest and the smallest police districts have areas of 816.6 km2 and 
79.9 km2, respectively. 

 
Figure 1. Map of the police districts in Chicago. 

The dataset used for training and testing the established model was derived from the 
Chicago open data portal (https://data.cityofchicago.org/, accessed on 1 October 2020), 
which is a publicly available data search and exploration platform developed (and cur-
rently managed) by the University of Chicago’s Urban Center for Computation and Data. 
The crime data were collected from the “Crimes - 2001 to present” dataset, a real-life col-
lection of instances describing crime events in Chicago from 2001 to the present in which 
the repository is updated every week. From the “Crimes - 2001 to present” dataset, we 
collected theft (as one of the typical property crimes) and assault (as one of the typical 
violent crimes) incidents numbers within the 22 police districts over five years (1833 days) 
from 1 January 2015, to 7 January 2020. In the data pre-processing stage, missing data were 
dropped, and the number of theft and assault incidents in the 22 police districts of Chicago 
was counted at a daily scale. A total of 404,269 pieces of valid data were finally obtained, 
including 308,020 pieces of theft data and 96,249 pieces of assault data. Figure 2 shows the 

Figure 1. Map of the police districts in Chicago.

The dataset used for training and testing the established model was derived from the
Chicago open data portal (https://data.cityofchicago.org/, accessed on 1 October 2020),
which is a publicly available data search and exploration platform developed (and currently
managed) by the University of Chicago’s Urban Center for Computation and Data. The
crime data were collected from the “Crimes-2001 to present” dataset, a real-life collection
of instances describing crime events in Chicago from 2001 to the present in which the
repository is updated every week. From the “Crimes-2001 to present” dataset, we collected
theft (as one of the typical property crimes) and assault (as one of the typical violent
crimes) incidents numbers within the 22 police districts over five years (1833 days) from
1 January 2015, to 7 January 2020. In the data pre-processing stage, missing data were
dropped, and the number of theft and assault incidents in the 22 police districts of Chicago
was counted at a daily scale. A total of 404,269 pieces of valid data were finally obtained,
including 308,020 pieces of theft data and 96,249 pieces of assault data. Figure 2 shows the
temporal distribution of theft and assault incidents numbers in the 22 police districts of
Chicago. As shown in Figure 2, both seasonality and daily variations of theft and assault
can be observed.

https://data.cityofchicago.org/
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Figure 2. Daily number of theft and assault incidents in the 22 police districts of Chicago from
1 January 2015, to 7 January 2020. Blue line and green line represent theft and assault incidents
numbers, respectively.

Figure 3 shows the spatial patterns of theft and assault incidents numbers in Chicago.
The theft incidents in Chicago are mainly concentrated in the northeast areas, whereas
assault incidents are indicated by hot areas in the southeast. According to this figure, the
accumulated theft number in the 18th police district reaches approximately 30000, which
is much larger than that in other districts, indicating that theft has a significant spatial
aggregation. The descriptive statistics of theft and assault incidents numbers in the 22 police
districts are listed in Table A1. The number of theft incidents (M = 18.754, SD = 7.397) is
larger than that of assault incidents (M = 1.939, SD = 1.472). Here, M is the crime incidents
number’s mean value, and SD indicates the crime incidents number’s standard deviation.

ISPRS Int. J. Geo-Inf. 2022, 11, x FOR PEER REVIEW 5 of 21 
 

 

temporal distribution of theft and assault incidents numbers in the 22 police districts of 
Chicago. As shown in Figure 2, both seasonality and daily variations of theft and assault 
can be observed.  

 
Figure 2. Daily number of theft and assault incidents in the 22 police districts of Chicago from 1 
January 2015, to 7 January 2020. Blue line and green line represent theft and assault incidents 
numbers, respectively. 

Figure 3 shows the spatial patterns of theft and assault incidents numbers in Chicago. 
The theft incidents in Chicago are mainly concentrated in the northeast areas, whereas 
assault incidents are indicated by hot areas in the southeast. According to this figure, the 
accumulated theft number in the 18th police district reaches approximately 30000, which 
is much larger than that in other districts, indicating that theft has a significant spatial 
aggregation. The descriptive statistics of theft and assault incidents numbers in the 22 po-
lice districts are listed in Table A1. The number of theft incidents (M = 18.754, SD = 7.397) 
is larger than that of assault incidents (M = 1.939, SD = 1.472). Here, M is the crime inci-
dents number’s mean value, and SD indicates the crime incidents number’s standard de-
viation.  

 
Figure 3. The spatial patterns of theft and assault incidents numbers in the 22 police districts of 
Chicago from 1 January 2015, to 7 January 2020. Panel (a) shows the distribution of theft incidents 
numbers, whereas panel (b) is the spatial pattern of assault. 

Topological graph of the 22 police districts in Chicago was also used to train the 
model. According to the neighborhood relationship among police districts of Chicago, the 
topological map of adjacent police districts is obtained as shown in Figure 4. 

Figure 3. The spatial patterns of theft and assault incidents numbers in the 22 police districts of
Chicago from 1 January 2015, to 7 January 2020. Panel (a) shows the distribution of theft incidents
numbers, whereas panel (b) is the spatial pattern of assault.

Topological graph of the 22 police districts in Chicago was also used to train the
model. According to the neighborhood relationship among police districts of Chicago, the
topological map of adjacent police districts is obtained as shown in Figure 4.

Previous studies demonstrated that, besides the spatial–temporal features of crimes,
weather variables are also used as external features to build the deep learning crime
prediction models [20,22,24–26]. The reason is that the temperature and relative humidity
proved to have relationships with some types of crimes, including assault, burglary, robbery,
rape, and so on [27–29]. Heat stress indices can well capture the combination of the impacts
of temperature and relative humidity on crime rates. Therefore, we chose the heat stress
discomfort index (DI) [20,27,28] as one of the external features, and the description of DI is
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presented in Appendix B. Apart from DI, the features “Weekend” and “Holiday” were also
applied as the external features. The descriptions of these features are listed in Table 1.
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Table 1. The brief descriptions of external features.

Feature Name Description

Weekend The feature “Weekend” represents whether the day is a weekday
or a weekend.

Holiday The feature “Holiday” represents whether the day is a holiday or not.

DI The heat stress index DI is calculated according to temperature, humidity,
and wind speed (as shown in Appendix B).

2.2. Model Framework

In this study, an integrated graph model based on attention mechanism was developed
for spatial–temporal crime prediction that can extract the spatial–temporal features of crime
incidents numbers and combine them with the external features. The architecture of the
proposed model is presented in Figure 5. The model consisted of two modules: (i) the
spatial–temporal features extraction module and (ii) the feature fusion and training module.
In the feature extraction module, the spatial–temporal features of crimes, the topological
features of the police districts, and the external features, such as “DI”, “Holiday”, etc., were
extracted from the data. In the feature fusion and training module, all of the features were
integrated into the LSTM attention to constitute a well-trained model. Finally, the test data
set was employed to evaluate the prediction performance of the model, and the results
were compared with those of other algorithms by using the same test set.
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2.2.1. Spatial–Temporal Features Extraction Module

To establish the spatial–temporal features extraction module, deep residual neural
networks (ResNet) were employed. ResNet was first proposed in 2015 by He et al. [30] to
solve gradient disappearance, gradient explosion, network degradation, and other tricky
problems induced by increasing the number of layers in convolutional neural network
(CNN). ResNet is a stack of “residual blocks” as shown in Figure 6. As shown in panel (a),
x represents the residual block input, F(x) + x represents the output, weight layer is a
convolution layer, and rectified linear unit (ReLU) represents an activation layer [31].
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In this study, an improved residual block was adopted to enhance the training speed
and also the accuracy, which is illustrated in the right panel of Figure 6 [32]. The im-
proved residual block adjusts the batch normalization (BN) and ReLU to the front of the
convolutional layer (Conv). BN is used for data standardization, which can significantly
accelerate the convergence of network training. By inputting the processed data into ReLU
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for activation, the sparsity of the network and the nonlinear relationship between layers
can be enhanced; meanwhile, the impact of the overfitting problem can be alleviated. The
activated data were converted to the Conv layer for feature extraction. By adding a dropout
layer between Conv layers, the probability of network overfitting can be reduced. Moreover,
three major features were designed to capture the spatial–temporal properties from the
crime data, including closeness features, periodic features, and trend features [17,20,26,33].
Specifically, to predict the crime pattern on a certain day, the number of daily crime inci-
dents three days before was extracted as the closeness features. The number of daily crime
incidents on the 7th day, the 14th day, and the 21st day before the day was extracted as
the periodic features, and the number of daily crime incidents on the corresponding dates
in the past three years was extracted as the trend features. The abovementioned crime
data were input into two improved residual units, and a full connection layer was used to
connect with the next module.

Crime incidents in a specific district are not only temporally associated with the
number of crime incidents in the past but also spatially impacted by its surrounding
districts. In this study, graph convolutional network was applied to capture the network
topology dependency and describe the spatial correlation of crimes more accurately [34].
The forward propagation of GCN is calculated as follows:

f (X, A) = ReLU(D̃
− 1

2 ÃD̃
− 1

2 XW + b) (1)

where X is the feature matrix, A is the adjacency matrix of the graph, Ã = A + I is the
adjacency matrix with self-circulation added, D is the degree matrix, and W and b are the
weight matrix and the bias, respectively [35–37]. In this paper, ResNet was selected as
the carrier of GCN to build the network, and the topological features were input into the
GCN layer and two improved residual units. Moreover, a full connection layer was used to
connect the feature fusion module. As for external features, the processed data were input
into two LSTM layers, and a full connection layer was also used to transmit the results into
the next module.

2.2.2. Feature Fusion and Training Module

Compared with the traditional recurrent neural network (RNN) model, LSTM adds
memory units to each hidden layer neural unit to obtain the controllable memory informa-
tion on the time series [38–40]. However, when coping with enormous multi-dimensional
and multivariable data, the model of LSTM may ignore some vital time-series information
in practical use, resulting in poor performance. Therefore, we adopted the attention mech-
anism based on LSTM to fuse the features. This method can break the limitation of the
encode–decoder architecture and the fixed-length internal representation. The attention
mechanism can be used to simulate the attention mechanism of human brains [41,42].
Attention LSTM retains the intermediate states of the LSTM encoder and selectively learns
these intermediate states through the training model. The LSTM model can be combined
with the attention mechanism to give different weights to the input characteristics of the
LSTM and highlight the critical influencing features without increasing the calculation and
storage overhead of the model, helping LSTM to make more accurate judgment [43]. Let
matrix X∈Rm × n be the LSTM output, where m is the timesteps, and n represents the num-
ber of features in each timestep. Then, the mathematical formulation of the attention-based
output (OAttention) is presented as follows:

A = f (W ◦X + b) (2)

OAttention = A ◦X (3)

where A is a weight matrix with the same shape as X, “◦” represents the Hadamard product,
f represents the fully connected layer, and W and b denote the weight matrix and the bias,
respectively [44]. In this module, feature fusion was completed through the weighted
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calculation of multiple features. The spatial prediction module and the temporal prediction
module were not separated in the proposed model. Thus, the “offline” problem was solved
as well. The results from the spatial–temporal features extraction module were input into
the attention LSTM, which was followed by another fully connected layer to output the
final results.

2.3. Case Study
2.3.1. Model Configuration

The proposed model was implemented by Keras and TensorFlow. The system hard-
ware of the server we used included a CPU with two cores (Intel Xeon E5 Core *20),
four GPUs (Nvidia Tesla P100 16GB), four memory modules (Kingston 64GB 2666MHz),
and three hard disks (4TB). Both theft and assault incidents data from 1 January 2015 to
31 December 2019 were used to train this model, and the incident data from 1 January to
7 January 2020 were used as the test set. The validation split rate was set as 0.2 to calibrate
the model. The dimensions of tensors flowing in the proposed model are shown in Figure 7.
In terms of the crime data processing part, the first residual block in the spatial–temporal
features extraction module had 32 filters, whereas the second one had 64 filters. The kernel
size was 3 × 3 and the fully connected layer consisted of 22 neurons. The topological
features processing part passed through a GCN layer first, and then the remaining config-
uration was the same as the crime data processing part. Two residual blocks had 32 and
64 filters, respectively. The kernel size was 3 × 3 and the fully connected layer consisted
of 22 neurons in that case. As for the external data processing part, the two LSTM layers
consisted of 128 and 276 neurons, respectively, and the fully connected layers comprised
22 neurons. For feature fusion and training module, the attention LSTM and final fully
connected layers consisted of 128 and 22 neurons, respectively. Furthermore, we adopted
end-to-end training to optimize the model. The mean squared error (MSE) was used as the
loss function. The optimizer was “NAdam”, with a learning rate of 0.001.
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2.3.2. Baseline Models

In this study, eight algorithms were compared with our model to verify its perfor-
mance, including ARMIA [45], ridge regression [46], support vector regression (SVR) [47],
random forest [48], XGBoost [49], LSTM [50], CNN [51], and Conv-LSTM [52]. The specific
configurations are shown in Table 2.
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Table 2. The specific configurations of baseline models.

Baseline Models. Specific Configurations

ARIMA
The best ARIMA results are obtained automatically by Expert

Modeler in the Statistical Package for the Social Sciences
(SPSS) software.

Ridge Regression The hyperparameters of ridge regression are obtained automatically
by the RidgeCV class in the scikit-learn library.

SVR
The kernel of SVR is set as a radial-basis function, the regularization
parameter C is set as 1.0, and the tolerance for stopping criterion is

set as 0.001.

Random Forest The number of trees in random forest is set as 100, and the maximum
tree depth is set as 10.

XGBoost The number of iterations is set as 100, and the maximum tree depth is
set as 10.

LSTM The LSTM has two kernel layers (each containing 100 neurons), and
the learning rate is set as 0.0001.

CNN
The CNN has two kernel layers, the number of filters is set as 32 and
64, the size of the kernel is set as 3 × 3, the input length is set as 12,

and the learning rate is set as 0.005.

Conv-LSTM
The number of Conv-LSTM layers is set as 2 with 32 and 64 filters,

respectively, the kernel size is 3 × 3, the input length is set as 12, and
the learning rate is set as 0.005.

2.4. Evaluation Metrics

To evaluate the prediction performance of the proposed model, MAE and RMSE
were utilized as evaluation metrics. The mathematical formulation of MAE and RMSE is
as follows:

MAE =
1
n

n

∑
i=1
|Yi − Ŷi| (4)

RMSE =

√
1
n

n

∑
i=1

(Yi − Ŷi)2 (5)

where Yi is the observed value, Ŷi is the predicted value, and n is the prediction sample
numbers. Smaller value of MAE and RMSE indicates higher prediction accuracy of the
model [53,54]. In this study, nine prediction models were trained and tested based on the
same data set.

3. Results and Discussion

To analyze the experimental results and evaluate the performance of the proposed
model, data in the 22 police districts from 1 January 2020, to 7 January 2020 (7 days)
were selected to build the test set. Figure 8 (for theft) and Figure 9 (for assault) show the
spatial patterns of the observed crime incidents, prediction of crime incidents numbers,
and absolute error (AE) in three representative days (namely 1, 4, and 6 January 2020), as
well as the cumulative values from 1 to 7 January 2020. Among the three selected days,
1 January 2020 is a holiday, 4 January 2020 is a weekday, and 6 January 2020 is a weekend.
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Figure 8. Spatial patterns of the predicted theft incidents numbers of different police districts in
Chicago. The left panels (a,d,g,j) show the observed crime distributions, the middle panels (b,e,h,k)
represent the predicted patterns, and the right panels (c,f,i,l) are about the AE values between
prediction and observation. Panels from top to bottom represent values on January 1, 4, and 6, 2020,
and that of the cumulations from 1 to 7 January 2020.
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Figure 9. Spatial patterns of the predicted assault incidents numbers of different police districts in
Chicago. The left panels (a,d,g,j) show the observed crime distributions, the middle panels (b,e,h,k)
represent the predicted patterns, and the right panels (c,f,i,l) are about the AE values between
prediction and observation. Panels from top to bottom represent values on January 1, 4, and 6, 2020,
and that of the cumulations from 1 to 7 January 2020.

As shown in Figure 8, the predicted patterns of theft are very close to the real distri-
butions, and, as shown in the maps, the proposed model accurately captures the spatial
hot areas of theft, not only on the selected three days but also for the cumulated results.
Specifically, on 1 January 2020, the 1st district has the max AE (2.57) among the 22 police
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districts. As for 4 January 2020 and 6 January 2020, the 19th district witnesses the max AE
of 2.80 and 4.87, respectively. Moreover, the 19th district also has the max AE (24.81) for the
cumulative values. In terms of the 22 police districts, the average AE on 1 January 2020,
4 January 2020, 6 January 2020, and the cumulations of seven days are 1.24, 1.24, 1.22, and
9.63, which indicates that the proposed model has reliable accuracy in this experiment. The
spatial patterns of theft show that the 1st district and the 19th district have larger absolute
errors than others. As investigated, both the above two districts are in the northeast of
Chicago, which are the main tourist attractions, with many downtown areas of this city.
Thus, it is one of the most crowded areas and is usually reported as a hotspot of theft, so
various factors, such as the population density, unemployment rate, traffic condition, etc.,
may comprehensively influence the crime rates, which increase the difficulty in accurately
forecasting the daily theft numbers in these districts.

With regard to assault, Figure 9 reports that the predicted spatial–temporal patterns
on the test set have close agreements with the observations. Specifically, the spatial hot
areas of assault are captured by the proposed prediction model in terms of the cumulative
values. Error distributions in the right panels of Figure 9 points out that the 15th district
witnesses the max AE (2.31) among the 22 police districts on 1 January 2020, the 8th district
has the max AE (1.84) on 4 January 2020, and the 7th district has the max AE of 2.21 on
6 January 2020. The spatial average AE on 1, 4, and 6 January are 0.88, 0.71, and 0.65,
proving that this model can accurately forecast the spatial pattern of assault, with an
average error lower than one incident. As for the spatial patterns of assault, the police
districts with large absolute errors are mainly in the southwest of Chicago, especially the
7th district. The 7th district has a lot of violent incidents due to its complicated ethnic
composition and extreme disparity in income. Therefore, the reason why the AE in the 7th
district is larger than other places may be that a variety of social factors are associated with
crimes, which adds more uncertainty to the prediction of crimes.

Figures 10 and 11 show the prediction of theft and assault incidents numbers of the
22 police districts in Chicago, respectively. As shown in Figures 10 and 11, the predicted
value is quite close to the actual value in terms of both theft and assault. Though heavy
fluctuations are observed in theft incidents in the 1st, 18th, and 19th districts and in assault
incidents in the 4th, 7th, and 22nd districts, this model can also predict the temporal
trends with limited errors. Thus, from these two figures, we can find that the temporal
patterns of both theft and assault are accurately predicted on the test set, showing a reliable
performance of this integrated graph model.

In order to quantitatively examine the overall performance of this model, evaluation
metrics (MAE and RMSE) were used. The MAE and RMSE of ARIMA, ridge regression,
SVR, random forest, XGBoost, LSTM, CNN, and Conv-LSTM were also calculated as
comparisons. In the comparative experiments, the same dataset and the extracted features
were used among all of the models. The obtained results are shown in Table 3. The average
values of the indices are lower than two incidents for theft (MAE = 1.3778, RMSE =1.6318)
and one incident for assault (MAE = 0.7457, RMSE =0.8851), which indicates that this
model has a good performance in spatial–temporal crime prediction. Compared with
other models, the proposed model has a better performance in terms of both MAE and
RMSE since the second lowest MAE (RMSE) of theft is 1.5574 (1.8736) from Conv-LSTM,
whereas that of assault is 0.8269 (0.9863), which is also from Conv-LSTM. In addition,
the results in this table also point out that the performance of ARIMA, ridge regression,
SVR, random forest, or XGBoost is significantly worse than the deep learning models
LSTM, CNN, and Conv-LSTM. The reason may be that it is difficult for SVR (and the other
statistics-based and traditional machine learning models) to capture the complex features
from the spatial–temporal crime data. For the deep learning models, the performance
of LSTM is considerably worse than CNN and Conv-LSTM. As is known, the latter two
are good at exploring the spatial autocorrelation of the variables and extracting advanced
features of the daily spatial distributions of crimes. Since spatial information usually plays
an important role in spatial–temporal crime prediction, CNN and Conv-LSTM are better
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suited to this scenario than original LSTM, which is only able to examine the temporal
patterns. Interestingly, the integrated graph model proposed in this study has a much better
performance than the three other deep learning models. The reason may be that the three
other deep learning models are based on regular spatial–temporal grids for spatial division.
However, many latent spatial correlations among the real administrative districts (such as
the policing districts) cannot be well captured, which may adversely affect the prediction
performance of such models. By contrast, the proposed model extracts the topological
relationships of the 22 police districts in the city using ResNet and GCN. The attention
mechanism is also investigated to fuse the complicated features through the weighted
calculations. This indicates that the integrated graph model is a practical and effective
solution for spatial–temporal crime prediction and it is also convenient and feasible with
respect to practical applications.
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Table 3. Performances in spatial–temporal prediction of theft and assault in terms of MAE and RMSE.

Model
Theft Assault

MAE RMSE MAE RMSE

ARIMA 3.3145 3.8003 1.7594 2.1025
Ridge Regression 2.9168 3.4998 1.4917 1.9215

SVR 2.8030 3.3711 1.4609 1.8598
Random Forest 2.5064 2.9996 1.3191 1.5958

XGBoost 2.5114 3.0037 1.3218 1.5818
LSTM 1.8379 2.2395 1.1462 1.3778
CNN 1.4972 1.8079 0.8981 1.0819

Conv-LSTM 1.5574 1.8736 0.8269 0.9863
Our Model 1.3778 1.6318 0.7457 0.8851
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4. Conclusions

In this study, an “online” integrated graph model based on an attention mechanism
is proposed to predict the urban spatial–temporal crime patterns at a daily scale. This
integrated graph model combines ResNet, GCN, and LSTM with the attention mechanism
to extract and fuse the spatial–temporal features, topological graphs, and external features
from the data of crime incidents. To validate this model, the daily theft and assault data at
a police-district-scale of the city of Chicago in the US from 1 January 2015 to 7 January 2020
were employed. Indices MAE and RMSE were conducted to quantitatively evaluate this
model, as well as eight other models (which were used as the comparisons) proposed in
previous studies. The main findings of this study are summarized as follows:

(1) The predicted spatial–temporal patterns by using the proposed model have close
agreements with the observations. Meanwhile, the average values of the two metrics
(MAE and RMSE) are lower than two incidents for theft and one incident for assault,
which indicates that this model achieves an extraordinarily high accuracy for predicting
the spatial–temporal crime patterns. Moreover, the proposed model has a much better
performance than all of the other eight models in terms of both MAE and RMSE. These
results indicate that the integrated graph model can effectively predict the urban spatial–
temporal distribution of crimes at a daily scale.

(2) This prediction method adopts irregular divisions on urban districts so that crime
incident numbers in different police districts can be predicted. In addition, feature fusion is
achieved by weighting the features through the attention mechanism, which provides an
“online” framework to support the decision making for police, including patrolling and
investigation, as well as other police resource allocation works.

The performance of this integrated graph model still has room for improvement. Our
experimental results indicate that the prediction accuracy of this model would be lower
in the districts where complicated social factors are aggregated. If more real-time and
police-district-scale data, such as the house price, population density, traffic condition, and
unemployment rate, are included in the future research, the performance of this model is
expected to be further improved.
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Appendix A

Table A1. The descriptive statistics of theft and assault incidents numbers in the 22 police districts of
Chicago from 1 January 2015 to 7 January 2020.

Police
District

Theft Assault

Mean Standard
deviation Min Max Sum Mean Standard

deviation Min Max Sum

1st District 18.754 7.397 3 108 34,376 1.939 1.472 0 9 3554
2nd District 7.195 3.045 0 19 13,188 2.483 1.681 0 10 4552
3rd District 5.350 2.472 0 15 9806 3.011 1.798 0 9 5519
4th District 6.318 2.870 0 27 11,580 3.727 1.986 0 11 6831
5th District 4.801 2.327 0 14 8801 2.883 1.825 0 12 5285
6th District 8.178 3.172 0 26 14,991 3.982 2.130 0 12 7299
7th District 5.160 2.497 0 15 9458 3.552 2.036 0 12 6510
8th District 9.074 3.461 0 24 16,632 3.360 2.005 0 11 6158
9th District 6.155 2.798 0 18 11,283 2.591 1.702 0 10 4750
10th District 4.785 2.433 0 15 8771 2.586 1.683 0 10 4741
11th District 5.447 2.514 0 15 9985 3.594 2.025 0 13 6588
12th District 11.475 4.377 1 33 21,034 2.337 1.667 0 10 4283
14th District 9.362 3.775 0 25 17,160 1.460 1.268 0 7 2676
15th District 3.662 2.102 0 14 6712 2.346 1.583 0 9 4300
16th District 5.761 2.814 0 20 10,559 1.649 1.320 0 8 3023
17th District 5.706 2.703 0 16 10,459 1.199 1.133 0 6 2197
18th District 18.043 6.323 3 42 33,072 1.518 1.320 0 9 2782
19th District 11.890 4.442 1 47 21,795 1.536 1.251 0 7 2815
20th District 3.399 2.021 0 12 6231 0.803 0.903 0 5 1472
22nd District 4.687 2.470 0 17 8592 1.783 1.349 0 7 3269
24th District 5.451 2.674 0 17 9991 1.362 1.215 0 7 2497
25th District 7.389 2.998 0 18 13,544 2.809 1.751 0 11 5148

Total 168.041 28.187 61 309 308,020 52.509 10.937 23 88 96,249

Appendix B

The discomfort index (DI) is in line with the description of the human body tempera-
ture perception, which can be calculated according to temperature, humidity, and wind
speed as follows:

DI = 0.5Tw + 0.5AT (A1)

AT = 1.07T + 0.2e− 0.65v− 2.7 (A2)

e = (RH ÷ 100)× 6.105× e
17.2T

237.7+T (A3)

Tw = ATarctan(0.152
√

RH + 8.314) + arctan(AT + RH)

−arctan(RH − 1.676) + 0.0039RH
3
2 arctan(0.023RH)− 4.6803

(A4)

where AT is the apparent temperature (◦C), TW is the thermodynamic wet-bulb temperature
(◦C), T is the air temperature (◦C), e is the water vapor pressure (hPa), V is the wind speed
(m/s), and RH is relative humidity (%). Weather data used to calculate DI in Chicago are
obtained from the rp5 website (http://rp5.ru/, accessed on 1 October 2020).
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