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ABSTRACT

Automatic image captioning is a challenging deep learning task involving computer vision to un-

derstand the contents of an image and natural language generation to compose a coherent description

for that image. Image captioning for the English language is well-developed and has high precision,

with some recent work surpassing human-level performance. However, Arabic image captioning work

has been lacking, with few papers published having relatively low-performance results. Researchers at-

tribute this to the Arabic language’s morphological complexity and the to lack of large, robust bench-

mark datasets compared to those available for the English language.

Our proposed framework includes using an improved text preprocessing pipeline incorporating a word

segmenter to alleviate some of the morphological complexity associated with the Arabic language. We

also build neural network architectures which include techniques not previously explored in the Arabic

image captioning literature, such as attentionmechanisms and transformers. Our approach yields better

results over the most recent published work on the subject in Arabic, improving the BLEU-1 score from

33 to 44.3 and the BLEU-4 score from 6 to 15.6.
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CHAPTER 1

ARABIC IMAGECAPTIONING

1:1 Introduction

Image Captioning is the process of describing the contents of an image. Automating this process is a

challenging machine learning problem involving both computer vision and natural language processing.

A model intended to do this needs to recognize different objects, their attributes, relevance, and relation-

ship to one another and compose a coherent natural language sentence to describe them clearly. Image

captioning has a wide range of high-impact applications, such as helping the visually impaired and auto-

matically generating captions for web content for better content indexing and accessibility. It is also the

basis for other tasks such as visual question answering.

Significant progress has been made in deep learning-based image captioning research over the last few

years [12], [19], reaching high accuracy levels, and with more recent research, surpassing human-level per-

formance in some instances [20]. However, Arabic Image Captioning (AIC) progress has been lacking,

with the performance of the latest research [15] still lagging behind English Image Captioning research

from 2015 [44]. El Jundi et al. [15] attribute the lack of progress to the morphologically complex nature

of the Arabic language, and to the lack of large, diverse, and robust benchmark datasets similar to the

ones available for the English language [25]. We use the latest research in AIC by El Jundi et al. [15] as

the baseline to compare our results against. El Jundi et al. implemented an encoder-decoder model [38]

using a pre-trained VGG19 [36] model as the encoder and a customGRU-based [11] decoder with a word

embedding [29] layer. Our proposed approach improves upon El Jundi et al.’s work by: 1) Using an im-

proved tokenization technique to alleviate some of morphological complexity of the Arabic language, 2)

using newer image models such as EfficientNet [41] and MobileNetV2 [35], 3) including an attention

mechanism [6], [27] layer in the decoder model to improve captioning accuracy, and 4) implementing
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an entirely new model based on the transformers [42] architecture.

The next section briefly explores some of the approaches that researchers have previously used in image

captioning, the datasets they used for training, and the evaluation metrics they used to evaluate their

results. Section 1.3 describes our contributions in more detail.

1:2 Background

1:2:1 EvaluationMetrics

The process of evaluating the output of an image captioning model is somewhat similar to evaluat-

ing machine-translated sentences (i.e., comparing a generated sentence against a reference sentence(s)).

That is why early on, image captioning researchers used metrics such as bilingual evaluation understudy

(BLEU) [32] which estimates accuracy based on n-gram similarities (BLEU-1 being 1-gram similarity,

BLEU-2 is 2-gram, and so on.). The BLEU score is measured on a scale of 0 to 1. It is a common practice

to scale BLEU scores up by 100 (to a scale of 0 to 100) for better readability.

Another machine-translation metric that image captioning researchers use is the Metric for Evaluation

of Translation with Explicit Ordering (METEOR) [7] which takes explicit ordering into account in ad-

dition to n-gram similarity. Similar to BLEU,METOER is also measured on a scale of 0 to 1 but is scaled

up by 100 for better readability.

1:2:2 Datasets

Two data-sets are commonly used by researchers to train and benchmark image captioning models.

The first dataset is the Common Objects in Context (COCO) [25]. COCO contains data for several

computer vision tasks such as object detection, image segmentation, and image captioning. The image

captioning dataset contains 83k training images and 41k testing images. Each image has five different

captions.

The second dataset is Flicker8k [18], which contains 8,092 images with five captions for each image. The

Flicker8k data set is roughly ten times smaller than COCO. An Arabic version of this dataset was pub-
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lished by El Jundi et al. [15]. The captions were automatically translated using Google’sMachine Transla-

tionAPI andmanually validated and rankedbyprofessionalArabic translators and thebest three captions

are kept (out of the original five), which results in a far smaller dataset which was already much smaller

thanwhat is available for other languages. This negatively impacts the quality of the deep learningmodels

trained on this dataset (which generally require very large amounts of data).

1:2:3 Prior Work on Image Captioning with Deep-Learning

We will briefly go over some of the most important papers in the field [3], [12], [15], [20]–[22], [31],

[44], [47] and the datasets [18], [25] and evaluation metrics [7], [32] that authors have used to evaluate

their work. All papers discussed here, along with their scores, languages, and datasets used, are listed in

Table 1.1.

1:2:3:1 English Image Captioning

The first neural-based image captioning paper was published in 2015 by Vinyal et al. [44]. The au-

thors used an encoder-decoder architecture [38] with a convolutional neural network-basedmodel as the

encoder that extracts image features and a recurrent neural network-based model that generates the cap-

tion. This achieved a BLUE-1 of 64.6 on the COCO dataset. Other researches subsequently built upon

this architecture. E.g., in the same year, Xu et al. [47] added an attentionmechanism layer [6], [27]which

allowed the language generating decoder to focus on salient regions of the image to produce the caption.

This approach improved the BLEU-1 score of the previous work to 70.7. In 2018, Anderson et al. [3]

implemented amodel with two attention steps, bottom-up attention that detects objects based on Faster

R-CNN [33] in the image and top-down attention that focuses the most salient objects, this approach

resulted in a BLEU-1 score of 79.8.

Newer papers use the transformer architecture for image captioning. Corina et al. [12] use a meshed-

memory transformer architecture which learns a multi-level representation of the relationships between

image regions to improve captioning accuracy. This approach set the state-of-the-art score on theCOCO

[25] benchmark dataset, with a BLEU-1 score of 80.8. Another notable transformer-based approach is by

Hu et al. [20] which can recognize novel objects not available in most datasets (they focus on more gen-

3



eral concepts) by pre-training themodel on large-scale datasetswith abundant tags and then fine-tuning it

on the image/caption pairs. The accuracy score on the COCO dataset didn’t surpass the state-of-the-art

score set by Corina et al. [12]. The authors attribute that to the small number of visual concepts present

in the COCO dataset, thus diminishing the benefit of learning an extensive visual vocabulary that the

pre-training step does in this model.

The current state-of-the-art BLEU-1 score on the COCO dataset in English is produced by the model by

Corina et al. [12] – a score of 80.8 out of 100. In the case of theMETEORmetric, He et al. [20] produced

the highest score at 45.4 out of 100 (versus the Corina et al.’s second best score of 29.2).

1:2:3:2 Arabic Image Captioning

The BLEU scores achieved in the AIC literature are universally lower than those in the English image

captioning literature (due to reasons discussed in subsubsection 1.2.3.4). The earliest paper we found in

the AIC literature was by Vasu [21], [22] who had published two subsequent papers on the subject. The

first one used an encoder-decoder architecture similar toVinyals et al. [44]. Vasu used a pre-trained image

model as the encoder, and a deep belief network (DBN) pre-trained by Restricted Boltzmann Ma-

chines as the decoder. In his second paper, Vasu replaced the DBN-based decoder with an LSTM-based

[17] one. The two approaches achieved BLEU-1 scores of 34.8 and 55.6 respectively, both trained and eval-

uated on two different proprietary datasets built from pairing news articles images with their captions

from sites such as Al-Jazeera News.

Al-Muazini et al.[31] introduced a merge model for generating Arabic captions. The overall architecture

is composed of an LSTM-based linguistic encoding encoder and an image feature extractor. The out-

put of both models then goes into another LSTM model which generates the caption. This approach

achieved a BLEU-1 score of 46 on an unpublishedArabic version of the Flicker8k dataset translated using

crowd-sourcing and machine translation.

The latest AIC research is by El Jundi et al. [15], who also use an encoder-decoder architecture. They

used a pre-trained image model as the encoder and an LSTM-based model as the decoder. One of the

more significant contributions of this paper is publishing a new manually validated dataset based on the
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Flicker8K dataset. This opens the possibility for future researchers to benchmark their work against pre-

vious work, which was not possible before. All the papers cited above (except for El Jundi et al.’s) used a

proprietary, unpublished dataset. El Jundi et al.’s approach achieved a BLEU-1 score of 33 on their Arabic

version of the Flicker8k dataset.

1:2:3:3 Image Captioning in Other Languages

Researchers have worked on image captioning for other languages. E.g., Mishra et al. [30] worked on

Hindi image captioningby implementing a similar architecture toXuet al. [47]using an encoder-decoder

architecturewith attention. They explored several attentionmechanism techniques such as spatial, visual,

Bahdanau-style, and Luong-style attention. They achieved the highest score on the Bahdanau-style atten-

tion (67.0 BLEU-1 on a Hindi version of the COCO dataset).

Working on on Chinese image captioning, Lu et al. [26] used an architecture similar to to Xu et al., with

the primary difference being the use of bidirectional LSTMs [17]. This approach achieved a BLEU-1

score of 78.5 on the AI Challenger Dataset [46], a Chinese dataset that which like COCO contains data

for several computer vision tasks including image captioning.

1:2:3:4 Low BLEU scores in AIC

Table 1.1 contains a comparison of image captioning in different languages. Looking at the table, we

can we can clearly see that AIC models (except for Vasu’s [21], [22] which works on root words only)

produce significantly lower scores than their English, Hindi, and Chinese counterparts. Agreeing with

El Jundi et al., we believe that this is mainly due to the morphological complexity of the Arabic language;

a single Arabic word typically has several attached attachedmorphemes (as illustrated in Figure 2.12)mak-

ing the sentences have a much lower number of words thanmost languages and thus making error penal-

ties much higher in n-gram similarity-based metrics such as BLEU. Another (perhaps even more impor-

tant) reason is lack of a high-quality benchmark dataset that is as robust and extensive as what’s available

for other languages such as the COCO dataset [25]. The BLEU score bias in Arabic is discussed in detail

in a paper by Bouamor et al. [9] where they verify the bias by comparing BLEU scores against human

judgment scores.
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Table 1.1: Summary of prior work on deep learning-based image captioning

Vinyals et al. [44] EN 2015 COCO 64.6 24.6 23.7
Xu et al [47] EN 2015 COCO 70.7 25.0 23.9

Anderson et al. [3] EN 2018 COCO 79.8 36.3 27.7
Corina et al. [12] EN 2020 COCO 80.8 39.1 29.2
He et al. [20] EN 2021 COCO - 34.9 45.4

Mishra et al. [30] HI 2021 Hindi COCO 65.9 21.0 -
Lu et al. [26] ZH 2021 AI Challenger [46] 78.5 47.8 41.5
Vasu [21] AR 2017 News Articles 1 34.8 - -
Vasu [22] AR 2018 Flicker8k 2 65.8 22.3 20.09
Vasu [22] AR 2018 News Articles 3 55.6 18.9 18.01

Al-Muzaini et al. [31] AR 2018 Flicker8k 4 46 8 -
El-Jundi et al. [15] AR 2020 Flicker8k 5 33 6 -

Our Approach (Transformers) AR 2021 Flicker8k 5 44.3 15.7 34.3

1:3 Our Contribution

There are four main contributions that we introduced to improve upon previous AIC work.

1. We improve preprocessing by incorporating theAraBERT segmenter [4]. This step alleviates some

of themorphological complexity of the Arabic language, specifically where the sameword appears

in multiple forms (e.g., definite vs. indefinite, masculine vs. feminine, conjunct vs. non-conjunct,

etc.). This step reduced the number of unique tokens in the dataset’s vocabulary from 10,396

tokens to 5,208.
110,000 manually translated images from ImageNet and 100,00 images from Al Jazeera website which paired article titles

with featured images.
2Unpublished manually translated version of the Flicker8k dataset.
3405,000 images fromMiddle Eastern news websites, pairing articles titles with featured images.
4A subset of the original dataset that includes 150 manually translated captions and 2111 captions translated using Google

Translator.
5All images from the original dataset are used, eachof the 5 captions are automatically translated and rankedbyprofessional

translators, only the top 3 captions are kept.
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���Æ�����Ð ���Ü �ù�ù	}�ø �·�ü�Ì �ö�ú	}�û 	³�Æ���û���·���Ð�Ì ���� ���ö �:� �ü�Ì�æ �Ð�� �·�ö	}	Ú�� �ø�ø �·�ü�Ì �û ���ü ���ã�Ð ���·�û�Ð �����·�æ�ü�æ�ü�Ý	„���Ð�����æ�ü�Ý �����ö�æ��	´	}

1:4 �H� ���ö�æ�ü�Ð ���Ü ���ã�Ð �b�ã�Ð���æ��

���ã�·�����Ð���÷�æ�ü�������Ì� �Æ�Ð�� �·�Ì�Ì�æ���æ���ü�·�ö �Å�·�Æ�ô�Ý����� �ü�Ì �æ�ü�Ü�����û�·���æ���ü ���ü ���ã�Ð �����æ���� �˜�����ô �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý	v �æ�ü	Ä

�Æ�ö� �Ì�æ�ü�Ý ���ã�Ð �Å� �æ�ö�Ì�æ�ü�Ý �Å�ö���Æ�ô�� ���ã�·�� �Ý�� �æ�ü���� �Æ���Ð�·���æ�ü�Ý ���ã�Ð �û���Ì�Ð�ö�� ��� �Æ�ã �·�� �����ü�—���ö� ���æ���ü�� �C�Ð� ���·�ö �C�Ð���˜�����ô��	v

�X�Ð�Æ� �����Ð�ü�� �C�Ð� ���·�ö �C�Ð���˜�����ô��	v �������Ð�ü���æ���ü	v �·�ü�Ì �b���·�ü���Ü�����û�Ð����	v �·�� �˜�Ð�ö�ö �·�� �������—�æ�Ì�æ�ü�Ý �û�����Ð �Ì�Ð���·�æ�ö�� ���ü ���ã�Ð �Ð�—�·�ö	Ä

� �·���æ���ü �û�Ð�����æ�Æ�� �·�ü�Ì �Ì�·���·���Ð���� ���ã�·�� �˜�Ð � ���Ð�Ì �æ�ü ��� �� �Ð�•���Ð���æ�û�Ð�ü����	} ���ã�·�����Ð���ø�Ì�Ð�����æ�Å�Ð�� ���ã�Ð �Ì�·���· �����Ð�������Æ�Ð�����æ�ü�Ý

���æ���Ð�ö�æ�ü�Ð �·�ü�Ì ���ã�Ð �æ�û���ö�Ð�û�Ð�ü���·���æ���ü ���Ü ��� �� ���/�� �û���Ì�Ð�ö��	} ���ã�·�����Ð���ù�Ì�Ð���Æ���æ�Å�Ð�� ���ã�Ð �����·�æ�ü�æ�ü�Ý �·�ü�Ì �Ð�•���Ð���æ�û�Ð�ü	Ä

���·���æ���ü ���Ð��� ��	v �·�ü�Ì �·�ü�·�ö�ž�£�Ð�� ���ã�Ð ���Ð��� �ö���� ���Ü ���ã�Ð �Ð�•���Ð���æ�û�Ð�ü����	v �������—�æ�Ì�æ�ü�Ý �æ�ü�Ü�����û�·���æ���ü ���ü �Æ�·�����æ���ü�æ�ü�Ý �·�Æ�Æ� ���·�Æ�ž

�·�ü�Ì ��� �ü���æ�û�Ð	} ���ã�·�����Ð���ú�Æ���ü�Æ�ö� �Ì�Ð�� ��� �� �˜�����ô �·�ü�Ì �û�·�ô�Ð�� ��� �Ý�Ý�Ð�����æ���ü�� ���ü �ã���˜ ���ã�Ð���Ð �Ð�•���Ð���æ�û�Ð�ü���� �Æ��� �ö�Ì �Å�Ð

�Ð�•���Ð�ü�Ì�Ð�Ì �·�ü�Ì �Ì�æ���Æ� �����Ð�� �������Ð�ü���æ�·�ö �·�ö���Ð���ü�·���æ�—�Ð �û�Ð���ã���Ì�� �Ü���� ���/��	} 	}

�û�b�Ð�����Ð�Ì ���ü �·�ü �:�Ð�������ü �b�x�ö �Å���·���Ì	} �[��� ���Æ�Ð	u ���æ�·�ü�Æ�� �Ð�� �·�ö	} 	«�ý	¬

�ü
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�������<�%�X�H�e�C��

�s�Ð �˜�æ�ö�ö �Ý�� ���—�Ð�� ���ã�Ð �Å� �æ�ö�Ì�æ�ü�Ý �Å�ö���Æ�ô�� ���ã�·�� �Ý�� �æ�ü���� �Å� �æ�ö�Ì�æ�ü�Ý �ü�Ð� ���·�ö �ü�Ð���˜�����ô	Ä�Å�·���Ð�Ì �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý

�û���Ì�Ð�ö��	v ���ã�Ð �Ì�·���·���Ð���� � ���Ð�Ì �æ�ü �����·�æ�ü�æ�ü�Ý	v ���ã�Ð �Ð�—�·�ö� �·���æ���ü �û�Ð�����æ�Æ�� � ���Ð�Ì �Ü���� �Ð�—�·�ö� �·���æ���ü	v �·�ü�Ì �����æ���� �˜�����ô �æ�ü ���ã�æ��

���Ð�ö�Ì �æ�ü ���ü�Ý�ö�æ���ã	v �����·�Å�æ�Æ	v �·�ü�Ì �����ã�Ð�� �ö�·�ü�Ý� �·�Ý�Ð��	}

2:1 �C�Ð� ���·�ö �C�Ð���˜�����ô �����Æ�ã�æ���Ð�Æ��� ���Ð��

���Ð�Ð�� �ö�Ð�·���ü�æ�ü�Ý	Ä�Å�·���Ð�Ì �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý ���Ð�Æ�ã�ü�æ��� �Ð�� ���Ð��� �æ���Ð ���ã�Ð � ���Ð ���Ü �û�·�ü�ž �Ì�æ�
�Ð���Ð�ü�� �ü�Ð� ���·�ö �ü�Ð���˜�����ô	Ä

�Å�·���Ð�Ì �Æ���û�����ü�Ð�ü���� �·�ü�Ì �·���Æ�ã�æ���Ð�Æ��� ���Ð��	} �b�ã�æ�� ���Ð�Æ���æ���ü �æ�ü�������Ì� �Æ�Ð�� ���ã�Ð �Å�·���æ�Æ �Å� �æ�ö�Ì�æ�ü�Ý �Å�ö���Æ�ô�� �Ü���� �ü�Ð� ���·�ö �ü�Ð��	Ä

�˜�����ô�� �·�ü�Ì �Ì�æ���Æ� �����Ð�� �û�����Ð �Æ���û���ö�Ð�• �·���Æ�ã�æ���Ð�Æ��� ���Ð�� 	³�Ð	}�Ý	}	v �����ü�—���ö� ���æ���ü�·�ö �C�Ð� ���·�ö �C�Ð���˜�����ô��	v �X�Ð�Æ� �����Ð�ü�� �C�Ð� 	Ä

���·�ö �C�Ð���˜�����ô��	v �������Ð�ü���æ���ü �B�Ð�Æ�ã�·�ü�æ���û��	v �b���·�ü���Ü�����û�Ð����	´ ���ã�·�� �˜�æ�ö�ö �Å�Ð � ���Ð�Ì �æ�ü ��� �� �˜�����ô �ö�·���Ð�� ���ü	}

2:1:1 �$�Ð�Ð�Ì�Ü�����˜�·���Ì �C�Ð� ���·�ö �C�Ð���˜�����ô��

�$�Ð�Ð�Ì�Ü�����˜�·���Ì �ü�Ð� ���·�ö �ü�Ð���˜�����ô��	v �·�ö���� �Æ�·�ö�ö�Ð�Ì �B� �ö���æ	Ä�=�·�ž�Ð�� �U�Ð���Æ�Ð���������ü��	v �·���Ð ���ã�Ð �û������ �Å�·���æ�Æ �Ü�����û ���Ü �Ì�Ð�Ð��

�ö�Ð�·���ü�æ�ü�Ý �û���Ì�Ð�ö��	} �b�ã�Ð �$�Ð�Ð�Ì�Ü�����˜�·���Ì �ü�Ð���˜�����ô	Ú�� �Ý���·�ö �æ�� ���� �·���������•�æ�û�·���Ð �����û�Ð �Ü� �ü�Æ���æ���üf ���ã�·�� �û�·���� �·�ü �æ�ü��� ��

x ���� �·�ü ��� ����� ��y	} �$�Ð�Ð�Ì�Ü�����˜�·���Ì �ü�Ð���˜�����ô�� �·���Ð �Å� �æ�ö�� � ���æ�ü�Ý �·�����æ���Æ�æ�·�ö �ü�Ð� �����ü�� ���� ���Ð���Æ�Ð�����æ���ü��	} �$�Ð�Ð�Ì�Ü�����˜�·���Ì

�ü�Ð� ���·�ö �ü�Ð���˜�����ô�� �·���Ð �Å� �æ�ö�� �Å�ž ���ö�·�Æ�æ�ü�Ý ���ü�Ð ���� �û�����Ð ���Ð���Æ�Ð���������ü�� 	³�·�ö���� �Æ�·�ö�ö�Ð�Ì �ü�Ð� ���·�ö � �ü�æ����	´ �æ�ü ���·���·�ö�ö�Ð�ö ���� �Ü�����û

�· ���æ�ü�Ý�ö�Ð �ö�·�ž�Ð�� �·�ü�Ì �����·�Æ�ô�æ�ü�Ý �û� �ö���æ���ö�Ð �ö�·�ž�Ð���� ���� �Ü�����û ���ã�Ð �ü�Ð���˜�����ô	} �$�Ð�Ð�Ì�Ü�����˜�·���Ì �ü�Ð���˜�����ô�� �Æ���ü���æ���� ���Ü �·�ü �æ�ü	Ä

��� �� �ö�·�ž�Ð�� �˜�ã�æ�Æ�ã ���·�ô�Ð�� �æ�ü ���ã�Ð �æ�ü��� �� �Ì�·���·x	v �·�ü�Ì �·�ü ��� ����� �� �ö�·�ž�Ð�� �˜�ã�æ�Æ�ã �������Ì� �Æ�Ð�� ���ã�Ð ��� ����� ��ŷ	v �·�ü�Ì ���ü�Ð ���Ü

�û�����Ð �ö�·�ž�Ð���� �æ�ü �Å�Ð���˜�Ð�Ð�ü �Æ�·�ö�ö�Ð�Ì ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �ö�·�ž�Ð����	} ���·���· �����˜�� �Ü�����˜�·���Ì 	³�ã�Ð�ü�Æ�Ð ���ã�Ð �ü�·�û�Ð	´ �Ü�����û ���ã�Ð �æ�ü��� ��

�ö�·�ž�Ð�� ���ã����� �Ý�ã ���ã�Ð �ü�Ð���˜�����ô	v �˜�ã�Ð���Ð ���ã�Ð ��� ����� �� ���Ü �Ð�·�Æ�ã �ö�·�ž�Ð�� �Å�Ð�Æ���û�Ð�� ���ã�Ð �æ�ü��� �� ���Ü ���ã�Ð �Ü���ö�ö���˜�æ�ü�Ý �ö�·�ž�Ð�� � �ü���æ�ö

���Ð�·�Æ�ã�æ�ü�Ý ���ã�Ð ��� ����� �� �ö�·�ž�Ð�� �·�ü�Ì �������Ì� �Æ�æ�ü�Ý ���ã�Ð ��� ����� ��	}�$�æ�Ý� ���Ð �÷	}�ö�æ�ö�ö� �������·���Ð�� �·�ü �Ð�•�·�û���ö�Ð ���Ü �· ���æ�û���ö�Ð �Ü�Ð�Ð�Ì�Ü����	Ä

�ý



�˜�·���Ì �ü�Ð���˜�����ô	}

�$�æ�Ý� ���Ð �÷	}�ö	u���ü �Ð�•�·�û���ö�Ð ���Ü �B� �ö���æ	Ä�=�·�ž�Ð�� �U�Ð���Æ�Ð���������ü �˜�æ���ã �· ���æ�ü�Ý�ö�Ð �ã�æ�Ì�Ì�Ð�ü �ö�·�ž�Ð��	} �/�û�·�Ý�Ð �[��� ���Æ�Ð	u �Ì�÷�ö	}�·�æ 	«�ù�ý	¬

�� ���æ�ü�Ý�ö�Ð ���Ð���Æ�Ð���������ü �Æ�·�ö�Æ� �ö�·���Ð�� ���ã�Ð �˜�Ð�æ�Ý�ã���Ð�Ì ��� �û�� ���Ü ���ã�Ð �æ�ü��� ��	³��	´ �·�ü�Ì ���·�����Ð�� ���ã�Ð ��� �û ���ã����� �Ý�ã �·�ü �·�Æ	Ä

���æ�—�·���æ���ü �Ü� �ü�Æ���æ���ü	}����� �·���æ���ü �÷	}�ö���ã���˜�� ���ã�Ð �Ð��� �·���æ���ü ���Ü �· ���Ð���Æ�Ð���������ü �˜�ã�Ð���Ðx i �æ�� ���ã�Ði ���ã�æ�ü��� �� �·�ü�ÌWi �æ��

���ã�Ð �Æ�������Ð�������ü�Ì�æ�ü�Ý �˜�Ð�æ�Ý�ã��	v �·�ü�Ì� �æ�� ���ã�Ð �·�Æ���æ�—�·���æ���ü �Ü� �ü�Æ���æ���ü �˜�ã�æ�Æ�ã �æ�ü�������Ì� �Æ�Ð�� �ü���ü	Ä�ö�æ�ü�Ð�·�� ���������Ð�����æ�Ð�� ���� ���ã�Ð

�ü�Ð���˜�����ô �·�ö�ö���˜�æ�ü�Ý ���ã�Ð ���Ð���Æ�Ð���������ü ���� ���Ð���Ü�����û �û�����Ð �Æ���û���ö�Ð�• �����Ð���·���æ���ü��	} �����Ð���·���æ���ü��	} �%�Ð�ü�Ð���·�ö�ö�ž	v ���ã�Ð �·�Æ���æ	Ä

�—�·���æ���ü �Ü� �ü�Æ���æ���ü �æ�� �Ì�æ�
�Ð���Ð�ü���æ�·�Å�ö�Ð	v �˜�ã�æ�Æ�ã �æ�� �Æ��� �Æ�æ�·�ö ���� � ���Ì�·���æ�ü�Ý �˜�Ð�æ�Ý�ã���� �Å�·���Ð�Ì ���ü �Å�·�Æ�ô���������·�Ý�·���æ���ü ���Ü �Ð��������

	«�ø�ù	¬	}

ŷ = � (
nX

i =0

Wi � x i ) 	³�÷	}�ö	´

�[���û�Ð ���Ü ���ã�Ð �·�Æ���æ�—�·���æ���ü �Ü� �ü�Æ���æ���ü�� ���Ü���Ð�ü � ���Ð�Ì �æ�ü �Ì�Ð�Ð�� �ö�Ð�·���ü�æ�ü�Ý �·���Ð ���ã�Ð �,�ž���Ð���Å���ö�æ�Æ �b�·�ü�Ý�Ð�ü�� �Ü� �ü�Æ���æ���ü

	³����� �·���æ���ü �÷	}�ø	´	v �X�Ð�Æ���æ���Ð�Ì �=�æ�ü�Ð�·�� �e�ü�æ�� 	³����� �·���æ���ü �÷	}�÷	´	v �·�ü�Ì �[���Ü���û�·�• �Ü� �ü�Æ���æ���ü 	³����� �·���æ���ü �÷	}�ù	´	}

ReLU(x) = max(0; x) 	³�÷	}�÷	´

tanh(x) =
ex � e� x

ex + e� x
	³�÷	}�ø	´

�þ



Softmax (~x) i =
ex i

P K
j =1 xzj

	³�÷	}�ù	´

2:1:2 �����ü�—���ö� ���æ���ü�·�ö �C�Ð� ���·�ö �C�Ð���˜�����ô��

�/�ü �Ì�Ð�Ð�� �ö�Ð�·���ü�æ�ü�Ý	v �Æ���ü�—���ö� ���æ���ü�·�ö �ü�Ð� ���·�ö �ü�Ð���˜�����ô�� 	³���C�C��	´ �·���Ð � ���Ð�Ì ���� �Ð�•�����·�Æ�� �æ�û�·�Ý�Ð �Ü�Ð�·��� ���Ð�� �·� �����û�·��	Ä

�æ�Æ�·�ö�ö�ž	} �b�ã�Ð �ö�·�ž�Ð���� ���Ü ���ã�Ð���Ð �ü�Ð���˜�����ô�� �·���Ð �Æ���û�������Ð�Ì ���Ü �Æ���ü�—���ö� ���æ���ü�� �æ�ü�����Ð�·�Ì ���Ü ���Ð�Ý� �ö�·�� ���Ð���Æ�Ð�����æ���ü��	} �b�ã�Ð���Ð

�Æ���ü�—���ö� ���æ���ü�� �·���Ð ���˜��	Ä�Ì�æ�û�Ð�ü���æ���ü�·�ö ���Ð�ü�������� 	³�·�ö���� �Æ�·�ö�ö�Ð�Ì �ô�Ð���ü�Ð�ö�� ���� ���ö���Ð����	´ ���ã�·�� �ö�Ð�·���ü ���� ���Ð�Æ���Ý�ü�æ�£�Ð �Ì�æ�
�Ð���Ð�ü��

�Ü�Ð�·��� ���Ð�� �æ�ü ���ã�Ð �æ�û�·�Ý�Ð	ƒ ���ã�·�ö�ö���˜�Ð�� �ö�·�ž�Ð���� �ö�Ð�·���ü ���� ���Ð�Æ���Ý�ü�æ�£�Ð �ö���˜	Ä�ö�Ð�—�Ð�ö �Ü�Ð�·��� ���Ð�� ��� �Æ�ã �·�� �Ð�Ì�Ý�Ð�� �˜�ã�æ�ö�Ð �Ì�Ð�Ð���Ð�� �ö�·�ž	Ä

�Ð���� �ö�Ð�·���ü ���� ���Ð�Æ���Ý�ü�æ�£�Ð �û�����Ð �ã�æ�Ý�ã	Ä�ö�Ð�—�Ð�ö �Ü�Ð�·��� ���Ð�� ��� �Æ�ã �·�� �Ü�·�Æ�Ð�� �·�ü�Ì �����ã�Ð�� ���Å�ñ�Ð�Æ���� 	³�æ�ü �����·�Æ���æ�Æ�Ð	v �Ì�Ð�Ð���Ð�� ���ö���Ð����

���ž���æ�Æ�·�ö�ö�ž �ö�Ð�·���ü �û�����Ð �·�Å�������·�Æ�� �Ü�Ð�·��� ���Ð�� ���ã�·�� �·���Ð �ü���� �æ�û�û�Ð�Ì�æ�·���Ð�ö�ž �Æ���û�����Ð�ã�Ð�ü���æ�Å�ö�Ð �Å�ž �ã� �û�·�ü��	´	} �/�ü �Æ�ö�·�����æ���Æ�·	Ä

���æ���ü ���·���ô��	v ���ã�Ð ��� ����� �� ���Ü ���ã�Ð �Æ���ü�—���ö� ���æ���ü�� �æ�� ���·�����Ð�Ì ���� �· �Æ�ö�·�����æ���Ð�� 	³�· �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ü�Ð���˜�����ô	´	}

���C�C�� ���·�ô�Ð �æ�ü �·�ü �æ�û�·�Ý�Ð �æ�ü �· ���Ð�ü������ �Ü�����û�·�� �·�� �æ�ü��� ��	v �˜�ã�Ð���Ð ���ã�Ð �Ð�ö�Ð�û�Ð�ü���� ���Ü ���ã�Ð ���Ð�ü������ ���Ð�����Ð���Ð�ü�� ���æ�•�Ð�ö

�—�·�ö� �Ð��	} �b�ã�Ð �ô�Ð���ü�Ð�ö�� 	³�æ	}�Ð	}	v ���ö���Ð����	´ ���ö�æ�Ì�Ð�� ���—�Ð�� ���ã�Ð �æ�ü��� �� �æ�û�·�Ý�Ð	v �û� �ö���æ���ö�ž�æ�ü�Ý ���Ð�Ý�æ���ü�� ���Ü ���ã�Ð �æ�û�·�Ý�Ð �˜�æ���ã ���ã�Ð

�—�·�ö� �Ð�� ���Ü ���ã�Ð ���ö���Ð�� �æ�ü �·�ü �Ð�ö�Ð�û�Ð�ü��	Ä�˜�æ���Ð �û� �ö���æ���ö�æ�Æ�·���æ���ü �·�ü�Ì ���ã�Ð�ü ��� �û�û�æ�ü�Ý ���ã�Ð �—�·�ö� �Ð�� ���Ü ���ã�Ð ��� ����� �� �û�·�����æ�•	}

�b�ã�Ð �������Æ�Ð���� �Æ���ü���æ�ü� �Ð�� ���—�Ð�� ���ã�Ð �˜�ã���ö�Ð �æ�ü��� �� ���Ð�ü������ �Å�ž ���·�����æ�ü�Ý ���ã�Ð �ô�Ð���ü�Ð�ö ���—�Ð�� �æ�û�·�Ý�Ð ���Ð�Ý�æ���ü�� �Ü�����û �ö�Ð�Ü�� ����

���æ�Ý�ã�� �·�ü�Ì ������ ���� �Å���������û	} �b�ã�æ�� �������Æ�Ð���� �������Ì� �Æ�Ð�� �· �Ü�Ð�·��� ���Ð �û�·�� ���Ð�ü������ ���ã�·�� �æ�� � ���Ð�Ì �·�� �æ�ü��� �� ���� �Ì�Ð�Ð���Ð�� �ö�·�ž�Ð����

�æ�ü ���ã�Ð �ü�Ð���˜�����ô	}

�/�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý ���·���ô��	v �· �Æ���ü�—���ö� ���æ���ü�·�ö �ü�Ð� ���·�ö �ü�Ð���˜�����ô �æ�� ���ž���æ�Æ�·�ö�ö�ž � ���Ð�Ì �·�� ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �æ�ü ���ã�Ð

�Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �û���Ì�Ð�ö�� 	³�û�����Ð �Ì�Ð���·�æ�ö�� ���ü ���ã�æ�� �·���Æ�ã�æ���Ð�Æ��� ���Ð �·���Ð �Ì�æ���Æ� �����Ð�Ì �æ�ü��� �Å���Ð�Æ���æ���ü �÷	}�ö	}�ú	´	} �/�û�·�Ý�Ð �Æ�·��	Ä

���æ���ü�æ�ü�Ý ���Ð���Ð�·���Æ�ã�Ð���� ���Ü���Ð�ü � ���Ð �����Ð	Ä�����·�æ�ü�Ð�Ì �æ�û�·�Ý�Ð �û���Ì�Ð�ö�� 	³�Ð	}�Ý	}	v �q�%�%�ö�û �Å�ž �[�æ�û���ü�ž�·�ü �Ð�� �·�ö	} 	«�ø�û	¬ 	´ ���� ���·�—�Ð ���æ�û�Ð

�·�ü�Ì ���Ð����� ���Æ�Ð ���ü �����·�æ�ü�æ�ü�Ý �æ�û�·�Ý�Ð �û���Ì�Ð�ö�� �Ü�����û ���Æ���·���Æ�ã	}

�s�Ð �˜�æ�ö�ö �Å�Ð � ���æ�ü�Ý �ü�Ð�˜�Ð�� �æ�û�·�Ý�Ð �û���Ì�Ð�ö�� �æ�ü ��� �� �û���Ì�Ð�ö	Ú�� �Ì�Ð�Æ���Ì�Ð��	v �ö�æ�ô�Ð �B���Å�æ�ö�Ð�C�Ð���q�÷ �Å�ž �[�·�ü�Ì�ö�Ð�� �Ð�� �·�ö	} 	«�ø�ú	¬	v

�˜�ã�æ�Æ�ã � ���Ð�� �Å�������ö�Ð�ü�Ð�Æ�ô �ö�·�ž�Ð���� 	³�ö�·�ž�Ð���� �˜�æ���ã �ö�•�ö �ô�Ð���ü�Ð�ö��	´ 	«�ù�õ	¬ ���� ���Ð�Ì� �Æ�Ð ���ã�Ð �ü� �û�Å�Ð�� ���Ü �Æ�ã�·�ü�ü�Ð�ö�� �æ�ü �Ü�Ð�·��� ���Ð��

�û�·���� �˜�æ���ã �æ�ü�—�Ð�����Ð�Ì ���Ð���æ�Ì� �·�ö �Æ���ü�ü�Ð�Æ���æ���ü�� 	«�ö�û	¬	} ���ü�����ã�Ð�� �û���Ì�Ð�ö ���ã�·�� �˜�Ð �˜�æ�ö�ö � ���Ð �æ�� �����Æ�æ�Ð�ü���C�Ð��	Ä���÷ �Å�ž �b�·�ü

�Ð�� �·�ö	}	v �˜�ã�æ�Æ�ã �Æ�·���Ð�Ü� �ö�ö�ž ��� �ü�æ�ü�Ý ���ã�Ð �ü�Ð���˜�����ô	Ú�� �Ì�Ð�����ã 	³���ã�Ð �ü� �û�Å�Ð�� ���Ü �ö�·�ž�Ð���� �æ�ü ���ã�Ð �ü�Ð���˜�����ô	´	v �˜�æ�Ì���ã 	³���ã�Ð �ü� �û	Ä

�Å�Ð�� ���Ü �ô�Ð���ü�Ð�ö�� �·�ü�Ì �Ð�·�Æ�ã �ö�·�ž�Ð�� �·�ü�Ì ���ã�Ð�æ�� ���æ�£�Ð��	´	v �·�ü�Ì ���Ð�����ö� ���æ���ü 	³���ã�Ð ���Ð�����ö� ���æ���ü ���Ü ���ã�Ð �æ�ü��� �� �æ�û�·�Ý�Ð	´	v �·�� �˜�Ð�ö�ö

�ö�õ



�·�� � ���æ�ü�Ý ���æ�û�æ�ö�·�� ���Ð�Æ�ã�ü�æ��� �Ð�� �·�� �B���Å�æ�ö�Ð�C�Ð���q�÷ ���� �������æ�û�æ�£�Ð ���æ�£�Ð �·�ü�Ì ���Ð���Ü�����û�·�ü�Æ�Ð 	«�ù�ö	¬	}

�B���Å�æ�ö�Ð�C�Ð���q�÷ �Ì�Ð�ö�æ�—�Ð���� �Æ���û���·���·�Å�ö�Ð ���Ð��� �ö���� ���� �q�%�%�ö�û �˜�ã�æ�ö�Ð �Å�Ð�æ�ü�Ý �÷
’ ���ã�Ð ���æ�£�Ð	v �˜�ã�æ�ö�Ð �����Æ�æ�Ð�ü���C�Ð��	Ä���÷

�������—�æ�Ì�Ð�� �·�Æ�Æ� ���·�Æ�ž ���ü ���·�� �˜�æ���ã �û�����Ð �Æ���û���ö�Ð�• �û���Ì�Ð�ö�� ��� �Æ�ã �·�� �/�ü�Æ�Ð�����æ���ü�X�Ð���C�Ð���q�÷ 	«�ø�þ	¬ �˜�ã�æ�ö�Ð �����æ�ö�ö �Å�Ð�æ�ü�Ý �Ü�·��

�û�����Ð �Ð���Æ�æ�Ð�ü��	}�b�·�Å�ö�Ð �÷	}�ö�Å���Ð�·�ô�� �Ì���˜�ü ���ã�Ð �æ�û�·�Ý�Ð �û���Ì�Ð�ö�� �Ì�æ���Æ� �����Ð�Ì �æ�ü ���ã�æ�� ���Ð�Æ���æ���ü �·�ü�Ì �Æ���û���·���Ð�� ���ã�Ð�û �æ�ü

���Ð���û�� ���Ü �·�Æ�Æ� ���·�Æ�ž �·�ü�Ì ���æ�£�Ð	} ���Æ�Æ� ���·�Æ�ž ���Æ�����Ð �æ�� ���Ð���������Ð�Ì �æ�ü �b����	ÄN �Ü�����û�·��	v �û�Ð�·�ü�æ�ü�Ý ���ã�·�� ���ã�Ð �û���Ì�Ð�ö	Ú�� ��� ����� ��

�æ�� �Æ���ü���æ�Ì�Ð���Ð�Ì 	Ø�Æ�������Ð�Æ��	Ø �˜�ã�Ð�ü ���ã�Ð �Æ�������Ð�Æ�� �Æ�ö�·���� �æ�� �˜�æ���ã�æ�ü ������N �������Å�·�Å�æ�ö�æ���æ�Ð�� �������Ì� �Æ�Ð�Ì �Å�ž ���ã�Ð �û���Ì�Ð�ö	}

�b�·�Å�ö�Ð �÷	}�ö	u �����û���·���æ�����ü ���Ü �Ì�æ�
�Ð���Ð�ü�� �æ�û�·�Ý�Ð �û���Ì�Ð�ö�� �����·�æ�ü�Ð�Ì ���ü �/�û�·�Ý�Ð�C�Ð�� 	«�ö�ø	¬ �æ�ü ���Ð���û�� ���Ü �û���Ì�Ð�ö ���æ�£�Ð �·�ü�Ì
�·�Æ�Æ� ���·�Æ�ž	} ���·���· �[��� ���Æ�Ð	u �ô�Ð���·��	}�æ�� 	«�ö�õ	¬

�B���Ì�Ð�ö �[�æ�£�Ð�b����	Ä�ö ���Æ�Æ� ���·�Æ�ž�b����	Ä�ú ���Æ�Æ� ���·�Æ�ž
�q�%�%�ö�û 	«�ø�û	¬ �ú�÷�ý �B�� �ü�ö	}�ø
’ �þ�õ	}�ö
’

�B���Å�æ�ö�Ð�C�Ð���q�÷ 	«�ø�ú	¬ �ö�ù �B�� �ü�ö	}�ø
’ �þ�õ	}�ö
’
�/�ü�Æ�Ð�����æ���ü�X�Ð���C�Ð���q�÷ 	«�ø�þ	¬ �÷�ö�ú �B�� �ý�õ	}�ø
’ �þ�ú	}�ø
’

�����Æ�æ�Ð�ü���C�Ð�����÷ 	«�ù�ö	¬ �ø�û �B�� �ý�õ	}�ö
’ �þ�ù	}�þ
’

2:1:3 �X�Ð�Æ� �����Ð�ü�� �C�Ð� ���·�ö �C�Ð���˜�����ô��

�X�Ð�Æ� �����Ð�ü�� �C�Ð� ���·�ö �C�Ð���˜�����ô�� 	³�X�C�C��	´	v �������� �æ�ü�������Ì� �Æ�Ð�Ì �Å�ž �B�æ�Æ�ã�·�Ð�ö �/	} �:�����Ì�·�ü 	«�÷�ø	¬ �æ�ü �ö�þ�ü�þ	v �·���Ð �· �����Ð�Æ�æ�·�ö

���ž���Ð ���Ü �ü�Ð� ���·�ö �ü�Ð���˜�����ô ���ã�·�� �æ�ü�Æ�ö� �Ì�Ð�� �· �ã�æ�Ì�Ì�Ð�ü �æ�ü���Ð���ü�·�ö �����·���Ð ���ã�·�� ���Ð���—�Ð�� �·�� �· �û�Ð�û�����ž	} �X�C�C�� �·���Ð � ���Ð�Ì �æ�ü

���Ð��� �Ð�ü�Æ�Ð	Ä�Å�·���Ð�Ì ���·���ô�� �˜�ã�Ð���Ð ���ã�Ð �æ�ü��� �� ���� ���ã�Ð ��� ����� �� 	³���� �Å�����ã	´ �·���Ð �· ���Ð��� �Ð�ü�Æ�Ð 	³�Ð	}�Ý	} �˜�����Ì�� �æ�ü �· ���Ð�ü���Ð�ü�Æ�Ð

���� �Ì�·���· �æ�ü �· ���æ�û�Ð ���Ð���æ�Ð��	´	}����� �·���æ���ü �÷	}�ú���ã���˜ �ã���˜ �X�C�C�� �˜�����ô �˜�ã�Ð���Ðt �æ�� ���ã�Ð �Æ� �����Ð�ü�� ���æ�û�Ð �����Ð��	vx t �æ�� ���ã�Ð

�æ�ü��� �� �·�� ���æ�û�Ð �����Ð��t	vht �æ�� ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð �—�·�ö� �Ð �·�� ���æ�û�Ð �����Ð��t	vyt ���ã�Ð ��� ����� �� �Ü����t	vW	vU �·�ü�Ìb �·���Ð ���ã�Ð

���·���·�û�Ð���Ð����	Ú �˜�Ð�æ�Ý�ã����	v �·�ü�Ì� h; � y �·���Ð ���ã�Ð �·�Æ���æ�—�·���æ���ü �Ü� �ü�Æ���æ���ü��	}

ht = � h(Whx t + Uhht � 1 + bh)

yt = � h(Wyht + by)
	³�÷	}�ú	´

�b�ã�Ð���Ð �·���Ð �����û�Ð �������Å�ö�Ð�û�� �˜�æ���ã �—�·�ü�æ�ö�ö�· �X�C�C��	v ��� �Æ�ã �·�� �Å�Ð�æ�ü�Ý � �ü�·�Å�ö�Ð ���� �ö�Ð�·���ü �ö���ü�Ý	Ä���Ð���û �Ì�Ð���Ð�ü�Ì�Ð�ü�Æ�æ�Ð��

	³���Ð�û�Ð�û�Å�Ð���æ�ü�Ý �Ð�·���ö�æ�Ð�� ���æ�û�Ð �����Ð���� �æ�ü �ö���ü�Ý�Ð�� ���Ð��� �Ð�ü�Æ�Ð��	´ �·�ü�Ì	v �û�����Ð �æ�û���������·�ü���ö�ž	v ���ã�Ð �������Å�ö�Ð�û ���Ü �—�·�ü�æ���ã�æ�ü�Ý

�·�ü�Ì �Ð�•���ö���Ì�æ�ü�Ý �Ý���·�Ì�æ�Ð�ü���� 	«�ö�ü	¬ �˜�ã�æ�ö�Ð �����·�æ�ü�æ�ü�Ý �˜�ã�Ð�ü ���ã�Ð �Ý���·�Ì�æ�Ð�ü���� ���ã�·�� �·���Ð �Æ�·�ö�Æ� �ö�·���Ð�Ì �Ì� ���æ�ü�Ý �Å�·�Æ�ô���������·	Ä

�Ý�·���æ���ü 	³�·�ö���� �Æ�·�ö�ö�Ð�Ì �Å�·�Æ�ô���������·�Ý�·���æ���ü ���ã����� �Ý�ã ���æ�û�Ð �æ�ü �X�C�C�� 	«�ù�ú	¬	´	v �˜�ã�Ð���Ð �Ý���·�Ì�æ�Ð�ü���� �·���Ð �Æ�·�ö�Æ� �ö�·���Ð�Ì �Å�·�Æ�ô

�ö�ö



���ã����� �Ý�ã ���ã�Ð ���æ�û�Ð �����Ð����	v ���ã�Ð �—�·�ö� �Ð�� �Ð�æ���ã�Ð�� �Ý�Ð���� �æ�ü���ü�æ���Ð���æ�û�·�ö�ö�ž ���û�·�ö�ö ���� ���ã�Ð �����æ�ü�� ���ã�·�� ���ã�Ð �˜�Ð�æ�Ý�ã�� �������� �Å�Ð�æ�ü�Ý

� ���Ì�·���Ð�Ì 	³�—�·�ü�æ���ã�æ�ü�Ý �Ý���·�Ì�æ�Ð�ü����	´	v ���� �Ð�•�����ü�Ð�ü���æ�·�ö�ö�ž �ö�·���Ý�Ð ���� ���ã�Ð �����æ�ü�� ���ã�·�� ���ã�Ð �˜�Ð�æ�Ý�ã���� ���—�Ð�������˜ 	³�Ð�•���ö���Ì�æ�ü�Ý

�Ý���·�Ì�æ�Ð�ü����	´	}

2:1:3:1 �=���ü�Ý �[�ã������	Ä�b�Ð���û �B�Ð�û�����ž

�/�ü�������Ì� �Æ�Ð�Ì �Å�ž �,���Æ�ã���Ð�æ���Ð�� 
ë �[�Æ�ã�û�æ�Ì�ã� �Å�Ð�� �æ�ü �ö�þ�þ�ü 	«�ö�ü	¬	v �=�[�b�B�� �æ�� �· �—�·���æ�·���æ���ü ���ü �X�C�C ���ã�·�� �·�ö�ö���˜��

���ã�Ð �ü�Ð���˜�����ô ���� �ö�Ð�·���ü �ö���ü�Ý	Ä���Ð���û �Ì�Ð���Ð�ü�Ì�Ð�ü�Æ�æ�Ð�� �Å�ž �æ�ü�������Ì� �Æ�æ�ü�Ý �· �Æ�Ð�ö�ö �����·���Ð �·�ü�Ì �����Ð�Æ�æ�·�ö �Ý�·���Ð�� ���ã�·�� �·�ö�ö���˜�� 	Ø�Ü����	Ä

�Ý�Ð�����æ�ü�Ý	Ø � �ü�æ�û���������·�ü�� ���·������ ���Ü ���ã�Ð ���Ð��� �Ð�ü�Æ�Ð �·�ü�Ì ���Ð���·�æ�ü �æ�ü�Ü�����û�·���æ���ü ���æ�Ý�ü�æ���Æ�·�ü�� ���� ���ã�Ð �Ì�Ð���æ���Ð�Ì ��� ����� ��	}�$�æ�Ý	Ä

� ���Ð �÷	}�÷�·�ü�Ì����� �·���æ���ü �÷	}�û�ã���˜ ���ã�Ð ��� ����� �� �·�ü�Ì �Æ�Ð�ö�ö �����·���Ð �·���Ð �Æ�·�ö�Æ� �ö�·���Ð�Ì �˜�æ���ã�æ�ü �·�ü �=�[�b�B �Æ�Ð�ö�ö �˜�ã�Ð���Ðt �æ�� ���ã�Ð

�Æ� �����Ð�ü�� ���æ�û�Ð �����Ð��	vi �æ�� ���ã�Ð �æ�ü��� �� �Ý�·���Ð	vf �æ�� ���ã�Ð �Ü�����Ý�Ð�� �Ý�·���Ð	vo �æ�� ���ã�Ð ��� ����� �� �Ý�·���Ð	v~c �æ�� ���ã�Ð �û�Ð�û�����ž �Æ�Ð�ö�ö �—�·�ö� �Ð

�Æ�·�ü�Ì�æ�Ì�·���Ð	v �·�ü�Ìc �æ�� ���ã�Ð �Æ�Ð�ö�ö �—�·�ö� �Ð	vx �æ�� ���ã�Ð �æ�ü��� ��	v �·�ü�ÌH �æ�� ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð �—�·�ö� �Ð	}W; U; b�·���Ð ���ã�Ð �����·�æ�ü�·�Å�ö�Ð

���·���·�û�Ð���Ð����	}

�$�æ�Ý� ���Ð �÷	}�÷	u�b�ã�Ð �æ�ü���Ð���ü�·�ö�� ���Ü �· �=���ü�Ý �[�ã������	Ä�b�Ð���û �B�Ð�û�����ž �Æ�Ð�ö�ö	} �/�û�·�Ý�Ð �[��� ���Æ�Ð	u �Ì�÷�ö	}�·�æ 	«�ù�ý	¬

�ö�÷



i t = � (Wi x t + Ui ht � 1 + bi )

f t = � (Wf x t + Uf ht � 1 + bf )

ot = � (Wox t + Uoht � 1 + bo)

~ct = tanh(Wcx t + Ucht � 1 + bc)

ct = f t � ct � 1 + i t � ~ct

	³�÷	}�û	´

2:1:3:2 �%�·���Ð�Ì �X�Ð�Æ� �����Ð�ü�� �e�ü�æ����

���Ð�—�Ð�ö�����Ð�Ì �Å�ž ���ã� �ü�Ý �Ð�� �·�ö	} �æ�ü �÷�õ�ö�ù 	«�ö�ö	¬	v �Ý�·���Ð�Ì ���Ð�Æ� �����Ð�ü�� � �ü�æ���� 	³�%�X�e��	´ �·���Ð �·�ö���� �· �����Ð�Æ�æ�·�ö �—�·���æ�·�ü�� ���Ü

�X�C�C�� ���ã�·��	v ���æ�û�æ�ö�·�� ���� �=�[�b�B��	v �æ�û���ö�Ð�û�Ð�ü�� �æ�ü���Ð���ü�·�ö �Ý�·���Ð�� ���� �Æ���ü�������ö ���ã�Ð �����˜ ���Ü ���Ð��� �Ð�ü�Æ�Ð �Ì�·���·	} �,���˜�Ð�—�Ð��	v

� �ü�ö�æ�ô�Ð �=�[�b�B��	v �%�X�e�� �Ì�� �ü���� �û�·�æ�ü���·�æ�ü �·�ü �æ�ü���Ð���ü�·�ö �Æ�Ð�ö�ö �����·���Ð	} �/�ü�����Ð�·�Ì	v �æ�� ���Ð�ö�æ�Ð�� ���ü�ö�ž ���ü ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð ����

�û�·�æ�ü���·�æ�ü �· �û�Ð�û�����ž ���Ü �Ð�·���ö�æ�Ð�� ���·������ ���Ü ���ã�Ð ���Ð��� �Ð�ü�Æ�Ð	} �/�� �·�ö���� � ���Ð�� ���ü�ö�ž ���˜�� �Ý�·���Ð�� 	³���Ð���Ð�� �·�ü�Ì � ���Ì�·���Ð �Ý�·���Ð��	´

�æ�ü�����Ð�·�Ì ���Ü �=�[�b�B	Ú�� ���ã���Ð�Ð �Ý�·���Ð�� 	³�æ�ü��� ��	v �Ü�����Ý�Ð��	v �·�ü�Ì ��� ����� ��	´	}�$�æ�Ý� ���Ð �÷	}�ø�·�ü�Ì����� �·���æ���ü �÷	}�ü�ã���˜ ���ã�Ð ��� ����� ��

�·�ü�Ì �Æ�Ð�ö�ö �����·���Ð �·���Ð �Æ�·�ö�Æ� �ö�·���Ð�Ì �˜�æ���ã�æ�ü �·�ü �=�[�b�B �Æ�Ð�ö�ö �˜�ã�Ð���Ðt �æ�� ���ã�Ð �Æ� �����Ð�ü�� ���æ�û�Ð �����Ð��	vr �æ�� ���ã�Ð ���Ð���Ð�� �Ý�·���Ð	vz �æ��

���ã�Ð � ���Ì�·���Ð �Ý�·���Ð	vĥ �æ�� ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð �Æ�·�ü�Ì�æ�Ì�·���Ð	v �·�ü�Ìh �æ�� ���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð �—�·�ö� �Ð	vx �æ�� ���ã�Ð �æ�ü��� ��	v �·�ü�Ì	}W; U; b

�·���Ð ���ã�Ð �����·�æ�ü�·�Å�ö�Ð ���·���·�û�Ð���Ð����	}

�b�ã�Ð �·�Ì�—�·�ü���·�Ý�Ð ���Ü �%�X�e	Ú�� ���æ�û���ö�Ð�� �æ�û���ö�Ð�û�Ð�ü���·���æ���ü �æ�� �ã�·�—�æ�ü�Ý �Ü�Ð�˜�Ð�� ���·���·�û�Ð���Ð���� �û�·�ô�æ�ü�Ý ���ã�Ð �ü�Ð���˜�����ô ���û�·�ö�ö�Ð��

�æ�ü ���æ�£�Ð �·�ü�Ì �Ü�·�����Ð�� ���� �����·�æ�ü �·�ü�Ì �Ð�•�Ð�Æ� ���Ð �˜�ã�æ�ö�Ð �û�·�æ�ü���·�æ�ü�æ�ü�Ý ���ã�Ð �Å�Ð�ü�Ð������ ���Ü �ö�Ð�·���ü�æ�ü�Ý �ö���ü�Ý	Ä���Ð���û �Ì�Ð���Ð�ü�Ì�Ð�ü�Æ�æ�Ð��

�·�ü�Ì ���Ð�Ì� �Æ�æ�ü�Ý ���ã�Ð �Ð�
�Ð�Æ���� ���Ü �—�·�ü�æ���ã�æ�ü�Ý �·�ü�Ì �Ð�•���ö���Ì�æ�ü�Ý �Ý���·�Ì�æ�Ð�ü����	}

�b�ã�æ�� ���æ�û���ö�æ���Ð�Ì �æ�û���ö�Ð�û�Ð�ü���·���æ���ü �æ�� �ü���� �˜�æ���ã��� �� �æ���� �Ì���·�˜�Å�·�Æ�ô��	v �˜�ã�Ð���Ð �æ�� �Æ�·�ü ������� �Ý�Ý�ö�Ð �æ�ü �Ì�·���·���Ð���� �˜�æ���ã �ö���ü�Ý�Ð��

���Ð��� �Ð�ü�Æ�Ð�� �˜�ã�Ð���Ð �=�[�b�B�� �˜��� �ö�Ì ���ž���æ�Æ�·�ö�ö�ž �������Ì� �Æ�Ð �û�����Ð �·�Æ�Æ� ���·���Ð ���Ð��� �ö����	}

zt = � (Wzx t + Uzht � 1 + bz)

r t = � (Wr x t + Ur ht � 1 + br )

~ht = tanh(Whx t + Uh(r t � ht � 1) + bh)

ht = (1 � zt ) � ht � 1 + zt � ĥt

	³�÷	}�ü	´

�ö�ø



�$�æ�Ý� ���Ð �÷	}�ø	u�b�ã�Ð �æ�ü���Ð���ü�·�ö�� ���Ü �· �%�·���Ð�Ì �X�Ð�Æ� �����Ð�ü�� �e�ü�æ�� �Æ�Ð�ö�ö	} �/�û�·�Ý�Ð �[��� ���Æ�Ð	u �Ì�÷�ö	}�·�æ 	«�ù�ý	¬

2:1:4 �s�����Ì ���û�Å�Ð�Ì�Ì�æ�ü�Ý��

�s�����Ì �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý�� ���Ð�Ü�Ð�� ���� ���ã�Ð ���Ð�����Ð���Ð�ü���·���æ���ü ���Ü �˜�����Ì�� �·�� �—�Ð�Æ��������	} �/�ü �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý �����·�Æ�Ð	v �˜�����Ì�� ���ã�·��

�·���Ð �Æ�ö�����Ð �����Ý�Ð���ã�Ð�� ���ž���æ�Æ�·�ö�ö�ž �ã�·�—�Ð �· ���æ�û�æ�ö�·�� �û�Ð�·�ü�æ�ü�Ý	} �b�ã�Ð���Ð �·���Ð ���Ð�—�Ð���·�ö �·�ö�Ý�����æ���ã�û�� ���ã�·�� �Æ���û��� ���Ð ���ã�Ð �˜�����Ì

�Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý��	v ��� �Æ�ã �·�� ���ã�Ð ���·�Ý ���Ü �s�����Ì�� �·�ü�Ì �[�ô�æ�� �%���·�û�� �û���Ì�Ð�ö�� �æ�ü�������Ì� �Æ�Ð�Ì �Å�ž �B�æ�ô���ö���— �Ð�� �·�ö	} 	«�÷�ý	¬	v 	«�÷�þ	¬	}

�b�ã�Ð���Ð �û���Ì�Ð�ö�� �·���Ð �����·�æ�ü�Ð�Ì ���ü �û�·�����æ�—�Ð ���Ð�•�� �Æ�����������· ���� ���ü�Ì �· �—�Ð�Æ������ ���Ð�����Ð���Ð�ü���æ�ü�Ý �Ð�·�Æ�ã �˜�����Ì ��� �Æ�ã ���ã�·�� ���ã�Ð

�Æ�����æ�ü�Ð ���æ�û�æ�ö�·���æ���ž �Å�Ð���˜�Ð�Ð�ü ���ã�Ð �—�Ð�Æ�������� �æ�ü�Ì�æ�Æ�·���Ð�� ���ã�Ð �ö�Ð�—�Ð�ö ���Ü ���Ð�û�·�ü���æ�Æ ���æ�û�æ�ö�·���æ���ž �Å�Ð���˜�Ð�Ð�ü ���ã�Ð �˜�����Ì�� ���ã�Ð�ž

���Ð�����Ð���Ð�ü��	}

�s�����Ì �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý�� �·���Ð ���Ü���Ð�ü � ���Ð�Ì �æ�ü �Ì�Ð�Ð�� �ö�Ð�·���ü�æ�ü�Ý ���·���ô�� ���ã�·�� �æ�ü�—���ö�—�Ð �ü�·��� ���·�ö �ö�·�ü�Ý� �·�Ý�Ð ���� �������—�æ�Ì�Ð �· �û�����Ð

�����Å� ���� ���Ð�����Ð���Ð�ü���·���æ���ü ���Ü �˜�����Ì�� ���ã�·�� �Ð�ü�Æ���Ì�Ð�� ���ã�Ð �˜�����Ì��	Ú �û�Ð�·�ü�æ�ü�Ý �·�ü�Ì ���ã�Ð �·�������Æ�æ�·���æ���ü �Å�Ð���˜�Ð�Ð�ü �Ì�æ�
�Ð���Ð�ü��

�˜�����Ì��	}

2:1:5 ���ü�Æ���Ì�Ð��	Ä���Ð�Æ���Ì�Ð�� �����Æ�ã�æ���Ð�Æ��� ���Ð

�b�ã�Ð �Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �·���Æ�ã�æ���Ð�Æ��� ���Ð �æ�� �· �ü�Ð� ���·�ö �ü�Ð���˜�����ô �·���Æ�ã�æ���Ð�Æ��� ���Ð �����æ�Ý�æ�ü�·�ö�ö�ž �æ�ü�������Ì� �Æ�Ð�Ì �Ü���� ���ã�Ð �û�·	Ä

�Æ�ã�æ�ü�Ð �����·�ü���ö�·���æ���ü ���·���ô �Å�ž �[� �����ô�Ð�—�Ð�� �Ð�� �·�ö	} 	«�ø�ý	¬	} �b�ã�Ð �û�·�æ�ü �Ý���·�ö ���Ü ���ã�Ð �û���Ì�Ð�ö �æ�� ���� �ã�·�ü�Ì�ö�Ð �—�·���æ�·�Å�ö�Ð	Ä�ö�Ð�ü�Ý���ã

�æ�ü��� ���� �·�ü�Ì ��� ����� ���� �Å�ž �Ð�ü�Æ���Ì�æ�ü�Ý ���ã�Ð �æ�ü��� �� �æ�ü���� �·�ü �æ�ü���Ð���û�Ð�Ì�æ�·���ž ���Ð�����Ð���Ð�ü���·���æ���ü �æ�ü �· ���•�Ð�Ì	Ä���æ�£�Ð�Ì �—�Ð�Æ������

�ö�ù



�˜�ã�æ�Æ�ã �æ�� ���ã�Ð�ü � ���Ð�Ì �Å�ž ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� ���� �Ý�Ð�ü�Ð���·���Ð ���ã�Ð ��� ����� ��	}

�$�æ�Ý� ���Ð �÷	}�ù	u�� �ã�æ�Ý�ã	Ä�ö�Ð�—�Ð�ö �Ì�æ�·�Ý���·�û ���Ü ���ã�Ð �Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �·���Æ�ã�æ���Ð�Æ��� ���Ð �˜�ã�Ð���Ð �Å�����ã ���ã�Ð �Ð�ü�Æ���Ì�Ð�� �·�ü�Ì �Ì�Ð�Æ���Ì�Ð��
�·���Ð �ü�Ð� ���·�ö �ü�Ð���˜�����ô��	} �/�û�·�Ý�Ð �[��� ���Æ�Ð	u �Ì�÷�ö	}�·�æ 	«�ù�ý	¬

�/�ü �û�·�Æ�ã�æ�ü�Ð �����·�ü���ö�·���æ���ü	v �Å�����ã ���ã�Ð �Ð�ü�Æ���Ì�Ð�� �·�ü�Ì �Ì�Ð�Æ���Ì�Ð�� �·���Ð �X�C�C	Ä�Å�·���Ð�Ì �û���Ì�Ð�ö�� ���ã�·�� �Ì�Ð�·�ö �˜�æ���ã ���Ð��� �Ð�ü	Ä

���æ�·�ö �æ�ü��� ���� �·�ü�Ì ��� ����� ���� ���Ü �—�·���æ�·�Å�ö�Ð ���æ�£�Ð 	³�æ	}�Ð	}	v ���Ð�ü���Ð�ü�Æ�Ð��	´	} �,���˜�Ð�—�Ð��	v �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý	v ���ã�Ð �Ð�ü�Æ���Ì�Ð�� �æ��

���Ð���ö�·�Æ�Ð�Ì �˜�æ���ã �· ���C�C	Ä�Å�·���Ð�Ì �û���Ì�Ð�ö ���ã�·�� �Ð�•�����·�Æ���� �ã�æ�Ý�ã	Ä�ö�Ð�—�Ð�ö �æ�û�·�Ý�Ð �Ü�Ð�·��� ���Ð��	} �b�ã�Ð �æ�ü���Ð���û�Ð�Ì�æ�·���ž ���Ð�����Ð���Ð�ü���·	Ä

���æ���ü	v �æ�ü ���ã�æ�� �Æ�·���Ð	v �æ�� �· �—�Ð�Æ������ ���Ð�����Ð���Ð�ü���·���æ���ü ���Ü ���ã�Ð �æ�û�·�Ý�Ð	Ú�� �Ü�Ð�·��� ���Ð�� �˜�ã�æ�Æ�ã ���ã�Ð �X�C�C	Ä�Å�·���Ð�Ì �Ì�Ð�Æ���Ì�Ð�� � ���Ð�� ����

�Ý�Ð�ü�Ð���·���Ð �· ���Ð��� �Ð�ü�Æ�Ð ���Ü �˜�����Ì�� ���ã�·�� �Ì�Ð���Æ���æ�Å�Ð�� ���ã�Ð �æ�ü��� �� �æ�û�·�Ý�Ð	}

2:1:6 �������Ð�ü���æ���ü

�������Ð�ü���æ���ü �æ�ü �ü�Ð� ���·�ö �ü�Ð���˜�����ô�� �æ�� �������� �æ�ü�������Ì� �Æ�Ð�Ì �æ�ü ���ã�Ð �Æ���ü���Ð�•�� ���Ü �û�·�Æ�ã�æ�ü�Ð �����·�ü���ö�·���æ���ü �Å�ž ���·�ã�Ì�·�ü�·� �Ð��

�·�ö	} 	«�û	¬ �·�ü�Ì �=� ���ü�Ý �Ð�� �·�ö	} 	«�÷�ü	¬ ���� �����ö�—�Ð �·�ü �æ����� �Ð �æ�ü �Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �û���Ì�Ð�ö�� � ���æ�ü�Ý �X�C�C	Ä�Å�·���Ð�Ì �û���Ì�Ð�ö�� �˜�ã�Ð���Ð

���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �Æ�·�ü�ü���� �������Æ�Ð���� �ö���ü�Ý �æ�ü��� �� ���Ð��� �Ð�ü�Æ�Ð�� ���æ�ü�Æ�Ð ���ü�ö�ž ���ã�Ð �ö�·���� �ã�æ�Ì�Ì�Ð�ü �����·���Ð �æ�� � ���Ð�Ì �·�� ���ã�Ð �æ�ü��� �� ���� ���ã�Ð

�Ì�Ð�Æ���Ì�Ð��	} �������Ð�ü���æ���ü �û�Ð�Æ�ã�·�ü�æ���û�� ���
�Ð�� �· �����ö� ���æ���ü ���� ���ã�æ�� �������Å�ö�Ð�û �Å�ž �Æ�·�ö�Æ� �ö�·���æ�ü�Ý �·�ö�æ�Ý�ü�û�Ð�ü�� ���Æ�����Ð�� �Å�Ð���˜�Ð�Ð�ü

���ã�Ð �Ð�ü�Æ���Ì�Ð��	Ú�� ��� ����� �� �����·���Ð 	³�æ	}�Ð	} ���ã�Ð ���Ð�����Ð���Ð�ü���·���æ���ü ���Ü ���ã�Ð �æ�ü��� �� ���Ð�ü���Ð�ü�Æ�Ð �æ�ü �û�·�Æ�ã�æ�ü�Ð �����·�ü���ö�·���æ���ü	´ �·�ü�Ì ���ã�Ð

�Ì�Ð�Æ���Ì�Ð��	Ú�� �ã�æ�Ì�Ì�Ð�ü �����·���Ð �æ�ü ���ã�Ð �Æ� �����Ð�ü�� ���æ�û�Ð	Ä�����Ð��	} �b�ã�Ð �������Ì� �Æ�Ð�Ì �·�ö�æ�Ý�ü�û�Ð�ü�� ���Æ�����Ð ���Ð�����Ð���Ð�ü���� �ã���˜ �û� �Æ�ã

�Ð�·�Æ�ã �˜�����Ì �æ�ü ���ã�Ð �æ�ü��� �� ���Ð��� �Ð�ü�Æ�Ð �æ�� �æ�û���������·�ü�� ���� ���ã�Ð �˜�����Ì ���ã�·��	Ú�� �Æ� �����Ð�ü���ö�ž �Å�Ð�æ�ü�Ý �Ý�Ð�ü�Ð���·���Ð�Ì	} �b�ã�Ð �·�ö�æ�Ý�ü	Ä

�û�Ð�ü�� ���Æ�����Ð �æ�� ���·�����Ð�Ì ���ã����� �Ý�ã �· �����Ü���û�·�• �Ü� �ü�Æ���æ���ü �������Ì� �Æ�æ�ü�Ý �· �—�Ð�Æ������ �˜�æ���ã �—�·�ö� �Ð�� �Å�Ð���˜�Ð�Ð�ü �õ �·�ü�Ì �ö �˜�ã�æ�Æ�ã �æ��

���ã�Ð�ü �û� �ö���æ���ö�æ�Ð�Ì �Å�ž ���ã�Ð �����æ�Ý�æ�ü�·�ö �æ�ü��� �� �Ü�����û ���ã�Ð �Ð�ü�Æ���Ì�Ð�� ���� �Æ���Ð�·���Ð �· �Æ���ü���Ð�•�� �—�Ð�Æ������ �˜�ã�Ð���Ð �æ�û���������·�ü�� ���·������

���Ü ���ã�Ð �æ�ü��� �� ���Ð���·�æ�ü �û������ ���Ü ���ã�Ð�æ�� �����æ�Ý�æ�ü�·�ö �—�·�ö� �Ð�� �·�ü�Ì �ö�Ð���� �æ�û���������·�ü�� ���·������ �·���Ð �ü���˜ �Æ�ö�����Ð�� ���� �õ	} �b�ã�Ð �Æ���ü���Ð�•��

�—�Ð�Æ������ �æ�� ���ã�Ð�ü � ���Ð�Ì �Å�ž ���ã�Ð �Ü���ö�ö���˜�æ�ü�Ý �X�C�C �ö�·�ž�Ð�� �æ�ü�����Ð�·�Ì ���Ü ���ã�Ð �����æ�Ý�æ�ü�·�ö �æ�ü��� �� �Ü�����û ���ã�Ð �Ð�ü�Æ���Ì�Ð��	}

�������Ð�ü���æ���ü �æ�� �·�ö���� � ���Ð�Ì �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý �˜�ã�Ð���Ð ���ã�Ð �æ�ü��� �� �æ�� �·�ü �æ�û�·�Ý�Ð �æ�ü�����Ð�·�Ì ���Ü �· ���Ð�ü���Ð�ü�Æ�Ð �·�ü�Ì ���ã�Ð

�Ð�ü�Æ���Ì�Ð�� �æ�� �· ���C�C	Ä�Å�·���Ð�Ì �æ�û�·�Ý�Ð �û���Ì�Ð�ö �æ�ü�����Ð�·�Ì ���Ü �·�ü �X�C�C	Ä�Å�·���Ð�Ì �ö�·�ü�Ý� �·�Ý�Ð �û���Ì�Ð�ö	} �b�ã�Ð �·�ö�æ�Ý�ü�û�Ð�ü�� ���Æ�����Ð �æ�ü

�ö�ú



�æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý �û���Ì�Ð�ö�� �æ�� �Æ�·�ö�Æ� �ö�·���Ð�Ì �Å�Ð���˜�Ð�Ð�ü �æ�û�·�Ý�Ð ���Ð�Ý�æ���ü�� �·�ü�Ì ���ã�Ð �˜�����Ì �Å�Ð�æ�ü�Ý �Ý�Ð�ü�Ð���·���Ð�Ì	}�$�æ�Ý� ���Ð �÷	}�ö�õ

�Ì�Ð���Æ���æ�Å�Ð�� �æ�ü �ã�æ�Ý�ã	Ä�ö�Ð�—�Ð�ö �ã���˜ �·�����Ð�ü���æ���ü �˜�����ô�� �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý �û���Ì�Ð�ö��	}

�b�ã�Ð���Ð �·���Ð �û�·�æ�ü�ö�ž ���˜�� �û�Ð���ã���Ì�� ���� �Æ�·�ö�Æ� �ö�·���Ð ���ã�Ð �·�ö�æ�Ý�ü�û�Ð�ü�� ���Æ�����Ð	u �b�ã�Ð ���·�ã�Ì�·�ü�·� 	Ä�����ž�ö�Ð	v �·�ö���� �ô�ü���˜�ü �æ��

�·�Ì�Ì�æ���æ�—�Ð �·�����Ð�ü���æ���ü �˜�ã�æ�Æ�ã �æ�� ���ã�Ð �û������ �˜�æ�Ì�Ð�ö�ž � ���Ð�Ì �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý �Ì� �Ð ���� �æ���� �û�����Ð �Æ���û���ö�Ð�• ������� �Æ��� ���Ð

�˜�ã�æ�Æ�ã �·�ö�ö���˜�� �æ�� ���� �ö�Ð�·���ü �Å�Ð�����Ð�� ���Ð�����Ð���Ð�ü���·���æ���ü�� 	«�û	¬	} ���ü�Ì �=� ���ü�Ý	Ä�����ž�ö�Ð	v �˜�ã�æ�Æ�ã ���
�Ð���� ���ã���Ð�Ð �Ì�æ�
�Ð���Ð�ü�� ���Æ�����æ�ü�Ý

���Ð�Æ�ã�ü�æ��� �Ð��	} ���·�ã�·�Ì�·�ü� �·�����Ð�ü���æ���ü �æ�� �Ì�Ð���Æ���æ�Å�Ð�Ì �æ�ü����� �·���æ���ü �÷	}�ý�·�ü�Ì ���ã�Ð ���ã���Ð�Ð �=� ���ü�Ý �·�����Ð�ü���æ���ü ���Ð�Æ�ã�ü�æ��� �Ð��

�·���Ð �Ì�Ð���Æ���æ�Å�Ð�Ì �æ�ü����� �·���æ���ü �÷	}�þ�˜�ã�Ð���ÐW; Wc; Wd; We �·���Ð �ö�Ð�·���ü�·�Å�ö�Ð ���·���·�û�Ð���Ð���� 	³�˜�Ð�æ�Ý�ã����	´	vhe ���ã�Ð ���ã�Ð �æ�ü��� ��

�Ü�����û ���ã�Ð �Ð�ü�Æ���Ì�Ð��	v �·�ü�Ìhd �æ�� ���ã�Ð �Ì�Ð�Æ���Ì�Ð��	Ú�� �ã�æ�Ì�Ì�Ð�ü �����·���Ð	}

score= Wctanh(Wdhd + Wehe) 	³�÷	}�ý	´

dot = hehd

general = W(hehd)

concat= Wtanh(Wc(he + hd)

	³�÷	}�þ	´

2:1:7 �b���·�ü���Ü�����û�Ð����

�b�ã�Ð �����·�ü���Ü�����û�Ð�� �·���Æ�ã�æ���Ð�Æ��� ���Ð �æ�ü�������Ì� �Æ�Ð�Ì �Å�ž �q�·���˜�·�ü�æ �Ð�� �·�ö	} �æ�ü �÷�õ�ö�ü �·�æ�û�� ���� ���Ð���ö�·�Æ�Ð ���ã�Ð ���Ð�Æ� �����Ð�ü�� �Å�·���Ð�Ì

���Ð�Æ�ã�ü�æ��� �Ð�� �æ�ü ���Ð��� �Ð�ü�Æ�Ð �û���Ì�Ð�ö�æ�ü�Ý ���·���ô�� ��� �Æ�ã �·�� �û�·�Æ�ã�æ�ü�Ð �����·�ü���ö�·���æ���ü �Å�ž �û�·�ô�æ�ü�Ý �Ð�•���Ð�ü���æ�—�Ð � ���Ð ���Ü �·�����Ð�ü���æ���ü

�û�Ð�Æ�ã�·�ü�æ���û��	} �b���·�ü���Ü�����û�Ð���� � ���Ð �· ���Æ�����æ�ü�Ý ���Ð�Æ�ã�ü�æ��� �Ð ���æ�û�æ�ö�·�� ���� ���ã�Ð �=� ���ü�Ý	Ä�����ž�ö�Ð �Ì���� �������Ì� �Æ�� �·�����Ð�ü���æ���ü �Ì�Ð	Ä

���Æ���æ�Å�Ð�Ì �æ�ü����� �·���æ���ü �÷	}�þ�˜�æ���ã ���ã�Ð �·�Ì�Ì�æ���æ���ü ���Ü �· ���Æ�·�ö�æ�ü�Ý �Ü�·�Æ������ �˜�ã�æ�Æ�ã �æ��1p
dk

�ö�Ð�ü�Ý���ã ���Ü ���ã�Ð �ô�Ð�ž �—�Ð�Æ������ 	³�æ	}�Ð	}	v

���ã�Ð �ã�æ�Ì�Ì�Ð�ü �����·���Ð	´	} �,���˜�Ð�—�Ð��	v �˜�ã�·�� �Ý�æ�—�Ð�� ���ã�Ð �����·�ü���Ü�����û�Ð�� �·���Æ�ã�æ���Ð�Æ��� ���Ð �æ�� ���ã�Ð �æ�ü�������Ì� �Æ���æ���ü ���Ü �· �Æ���ü�Æ�Ð������

�æ�ü �·�����Ð�ü���æ���ü �Æ�·�ö�ö�Ð�Ì �B� �ö���æ	Ä�ã�Ð�·�Ì �������Ð�ü���æ���ü	v �˜�ã�Ð���Ð �æ�ü�����Ð�·�Ì ���Ü ���Ð���Ü�����û�æ�ü�Ý �· ���æ�ü�Ý�ö�Ð �·�����Ð�ü���æ���ü �Ü� �ü�Æ���æ���ü	v ���ã�Ð

�æ�ü��� ���� ���Ü ���ã�Ð �·�����Ð�ü���æ���ü �·���Ð ���·�����Ð�Ì ���ã����� �Ý�ãh �ö�æ�ü�Ð�·�� �ö�·�ž�Ð���� 	³h �Å�Ð�æ�ü�Ý ���ã�Ð �ü� �û�Å�Ð�� ���Ü �·�����Ð�ü���æ���ü �ã�Ð�·�Ì��	´ �æ�ü

���·���·�ö�ö�Ð�ö	v �ö�Ð�·���ü�æ�ü�Ýh �Ì�æ�
�Ð���Ð�ü�� ���Ð�����Ð���Ð�ü���·���æ���ü�� ���Ü ���ã�Ð �æ�ü��� ���� �·�ü�Ì �·�����Ð�ü�Ì�æ�ü�Ý ���� ���ã�Ð�û ���Ð���·���·���Ð�ö�ž �������Ì� �Æ�æ�ü�Ý

h �·�����Ð�ü���æ���ü ���Æ�����Ð��	} �b�ã�Ð ���Æ�����Ð�� �·���Ð ���ã�Ð�ü �Æ���ü�Æ�·���Ð�ü�·���Ð�Ì �·�ü�Ì ���·�����Ð�Ì ���ã����� �Ý�ã �· ���ü�·�ö �ö�æ�ü�Ð�·�� �ö�·�ž�Ð��	} �B� �ö���æ	Ä�ã�Ð�·�Ì

�·�����Ð�ü���æ���ü �·�ö�ö���˜�� ���ã�Ð �û���Ì�Ð�ö ���� �ñ���æ�ü���ö�ž �·�����Ð�ü�Ì ���� �æ�ü�Ü�����û�·���æ���ü �Ü�����û �Ì�æ�
�Ð���Ð�ü�� ���Ð�����Ð���Ð�ü���·���æ���ü ��� �Å�����·�Æ�Ð�� �·��

�ö�û



�Ì�æ�
�Ð���Ð�ü�� �������æ���æ���ü��	}

�$�æ�Ý� ���Ð �÷	}�ú	u�q�æ��� �·�ö�æ�£�æ�ü�Ý ���ã�Ð �B� �ö���æ	Ä�,�Ð�·�Ì �������Ð�ü���æ���ü �˜�ã�æ�Æ�ã �Æ���ü���æ������ ���Üh �·�����Ð�ü���æ���ü �ö�·�ž�Ð���� ��� �ü�ü�æ�ü�Ý �æ�ü ���·���·�ö�ö�Ð�ö	}

�/�û�·�Ý�Ð �[��� ���Æ�Ð	u �q�·���˜�·�ü�æ �Ð�� �·�ö	} 	«�ù�÷	¬

�[�æ�ü�Æ�Ð ���ã�Ð �·���Æ�ã�æ���Ð�Æ��� ���Ð �Ì���Ð�� �ü���� �û�·�ô�Ð � ���Ð ���Ü ���Ð�Æ� �����Ð�ü�Æ�Ð	v �æ�� �ü�Ð�Ð�Ì�� �· �Ì�æ�
�Ð���Ð�ü�� �·���������·�Æ�ã ���� �������—�æ�Ì�Ð �æ�ü�Ü����	Ä

�û�·���æ���ü �·�Å��� �� ���ã�Ð ���Ð�ö�·���æ�—�Ð ���� �·�Å�����ö� ���Ð�� �������æ���æ���ü ���Ü �����ô�Ð�ü�� �æ�ü ���ã�Ð ���Ð��� �Ð�ü�Æ�Ð	v �·�ü�Ì �æ�� �Ì���Ð�� ���� �Å�ž � ���æ�ü�Ý �U�����æ���æ���ü

���ü�Æ���Ì�æ�ü�Ý	v �˜�ã�æ�Æ�ã �æ�� �·�ü �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý �ö�·�ž�Ð�� ���ã�·�� �Æ�·�ö�Æ� �ö�·���Ð�� �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý�� �Ü���� �Ð�·�Æ�ã �������æ���æ���ü �æ�ü ���ã�Ð ���Ð��� �Ð�ü�Æ�Ð �æ�ü	Ä

�����Ð�·�Ì ���Ü �Ð�·�Æ�ã �˜�����Ì��	}

�e���æ�ü�Ý ���ã�Ð �Æ���ü�Æ�Ð������ �Ì�Ð���Æ���æ�Å�Ð�Ì �·�Å���—�Ð	v �q�·���˜�·�ü�æ �Ð�� �·�ö	} �������������Ð �·�ü �Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �û���Ì�Ð�ö �Ü���� �û�·�Æ�ã�æ�ü�Ð

�����·�ü���ö�·���æ���ü	} �b�ã�Ð �Ð�ü�Æ���Ì�Ð�� �����·������ �Å�ž �Æ�·�ö�Æ� �ö�·���æ�ü�Ý ���ã�Ð �˜�����Ì �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý�� �·�ü�Ì �������æ���æ���ü�·�ö �Ð�ü�Æ���Ì�æ�ü�Ý ���Ü ���ã�Ð �æ�ü	Ä

��� �� ���Ð�ü���Ð�ü�Æ�Ð��	} �b�ã�Ð ���Ð��� �ö���� �·���Ð �Æ���ü�Æ�·���Ð�ü�·���Ð�Ì �·�ü�Ì ���·�����Ð�Ì ���� ���ã�Ð �������� �ö�·�ž�Ð�� ���Ü �· �����·�Æ�ô ���Ü �û �æ�Ì�Ð�ü���æ�Æ�·�ö �ö�·�ž�Ð����	}

���·�Æ�ã �ö�·�ž�Ð�� �Æ���ü���æ������ ���Ü ���˜�� ��� �Å	Ä�ö�·�ž�Ð����	v �· �û� �ö���æ	Ä�ã�Ð�·�Ì �·�����Ð�ü���æ���ü �ö�·�ž�Ð�� �·�ü�Ì �· �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð��	} �s�æ���ã ���Ð���æ�Ì� �·�ö

�Æ���ü�ü�Ð�Æ���æ���ü 	«�ö�û	¬ �·����� �ü�Ì �Ð�·�Æ�ã ���Ü ���ã�Ð �û� �ö���æ	Ä�ã�Ð�·�Ì �·�����Ð�ü���æ���ü �·�ü�Ì �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð���� �Ü���ö�ö���˜�Ð�Ì �Å�ž �ö�·�ž�Ð�� �ü�����û�·�ö	Ä

�æ�£�·���æ���ü 	«�ú	¬	} �b�ã�Ð �ö�æ�ü�Ð�·�� �ö�·�ž�Ð���� �æ�ü ���ã�Ð �B� �ö���æ	Ä�ã�Ð�·�Ì �·�����Ð�ü���æ���ü �·�ü�Ì ���ã�Ð �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð�� �·���Ð ���Ü ���æ�£�Ð �ú�ö�÷ � �ü�æ����	}

�ö�ü



�b�ã�Ð �Ì�Ð�Æ���Ì�Ð�� �æ�� �·�ö���� �Æ���û�������Ð�Ì ���Ü �· �����·�Æ�ô ���Ü �û �æ�Ì�Ð�ü���æ�Æ�·�ö �ö�·�ž�Ð����	} �/�ü �·�Ì�Ì�æ���æ���ü ���� ���ã�Ð ���˜�� ��� �Å	Ä�ö�·�ž�Ð���� �æ�ü �Ð�·�Æ�ã

�Ð�ü�Æ���Ì�Ð�� �ö�·�ž�Ð��	v ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �æ�ü���Ð������ �· ���ã�æ���Ì ��� �Å	Ä�ö�·�ž�Ð��	v �˜�ã�æ�Æ�ã ���Ð���Ü�����û�� �û� �ö���æ	Ä�ã�Ð�·�Ì �·�����Ð�ü���æ���ü ���—�Ð�� ���ã�Ð ��� ����� ��

���Ü ���ã�Ð �Ð�ü�Æ���Ì�Ð�� �����·�Æ�ô	} �[�æ�û�æ�ö�·�� ���� ���ã�Ð �Ð�ü�Æ���Ì�Ð��	v ���Ð���æ�Ì� �·�ö �Æ���ü�ü�Ð�Æ���æ���ü�� �·����� �ü�Ì �Ð�·�Æ�ã ���Ü ���ã�Ð ��� �Å	Ä�ö�·�ž�Ð���� �·���Ð � ���Ð�Ì	v

�Ü���ö�ö���˜�Ð�Ì �Å�ž �ö�·�ž�Ð�� �ü�����û�·�ö�æ�£�·���æ���ü 	«�ù�÷	¬	} �b�ã�Ð ��� ����� �� ���Ü ���ã�Ð ���ü�·�ö �ö�·�ž�Ð�� �æ�ü ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �����·�Æ�ô�Ð�Ì �æ�� ���·�����Ð�Ì ����

�· �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð�� �˜�æ���ã �· �����Ü���û�·�• �·�Æ���æ�—�·���æ���ü �Ü� �ü�Æ���æ���ü �˜�ã�æ�Æ�ã �������Ì� �Æ�Ð�� �· �������Å�·�Å�æ�ö�æ���ž �Ì�æ�������æ�Å� ���æ���ü ���—�Ð��

���ã�Ð �˜�����Ì�� �æ�ü ���ã�Ð �—���Æ�·�Å� �ö�·���ž	} �[�æ�û�æ�ö�·�� ���� ���ã�Ð �Ð�ü�Æ���Ì�Ð��	v ���ã�Ð �ö�æ�ü�Ð�·�� �ö�·�ž�Ð���� �æ�ü ���ã�Ð �B� �ö���æ	Ä�ã�Ð�·�Ì �·�����Ð�ü���æ���ü �·�ü�Ì ���ã�Ð

�Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð�� �·���Ð ���Ü ���æ�£�Ð �ú�ö�÷ � �ü�æ����	v �˜�ã�æ�ö�Ð ���ã�Ð ���ü�·�ö �Ü�Ð�Ð�Ì�Ü�����˜�·���Ì �ö�·�ž�Ð�� �æ�� ���Ü ���æ�£�Ðn � �ü�æ���� �˜�ã�Ð���Ðn �æ�� ���ã�Ð

�ü� �û�Å�Ð�� ���Ü �˜�����Ì�� �æ�ü ���ã�Ð �—���Æ�·�Å� �ö�·���ž	} �/�ü �·�Ì�Ì�æ���æ���ü ���� ���ã�Ð ��� ����� �� ���Ü ���ã�Ð �Ð�ü�Æ���Ì�Ð�� �·�ü�Ì ���æ�û�æ�ö�·�� ���� ���ã�Ð �ã�æ�Ì�Ì�Ð�ü

�����·���Ð �æ�ü �X�C�C	Ä�Å�·���Ð�Ì �Ì�Ð�Æ���Ì�Ð����	v ���ã�Ð �b���·�ü���Ü�����û�Ð�� �Ì�Ð�Æ���Ì�Ð�� ���·�ô�Ð�� �æ�ü ���ã�Ð �����Ð�—�æ��� �� ��� ����� ���� ���Ü ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �·��

�æ�ü��� ��	v ���·�����æ�ü�Ý ���ã�Ð�û ���ã����� �Ý�ã �· �˜�����Ì �Ð�û�Å�Ð�Ì�Ì�æ�ü�Ý �·�ü�Ì �������æ���æ���ü�·�ö �Ð�ü�Æ���Ì�æ�ü�Ý �ö�·�ž�Ð�� �·�ü�Ì �Æ���ü�Æ�·���Ð�ü�·���æ�ü�Ý ���ã�Ð�û

�Å�Ð�Ü�����Ð �Ð�ü���Ð���æ�ü�Ý ���ã�Ð �Ì�Ð�Æ���Ì�Ð�� �����·�Æ�ô	} �b�ã�Ð �Ð�ü�Æ���Ì�Ð��	Ä�Ì�Ð�Æ���Ì�Ð�� �û���Ì�Ð�ö �æ�� �—�æ��� �·�ö�æ�£�Ð�Ì �æ�ü�$�æ�Ý� ���Ð �ø	}�û�˜�ã�Ð���Ð �C 
~ �û

�ö�ý



�$�æ�Ý� ���Ð �÷	}�û	u�b�ã�Ð �b���·�ü���Ü�����û�Ð�� �û���Ì�Ð�ö �·���Æ�ã�æ���Ð�Æ��� ���Ð �Å�ž �q�·���˜�·�ü�æ �Ð�� �·�ö	} 	«�ù�÷	¬

�ö�þ



2:2 �U���æ���� �/�û�·�Ý�Ð ���·�����æ���ü�æ�ü�Ý �s�����ô

2:2:1 ���—�·�ö� �·���æ���ü �B�Ð�����æ�Æ��

�b�ã�Ð �������Æ�Ð���� ���Ü �Ð�—�·�ö� �·���æ�ü�Ý ���ã�Ð ��� ����� �� ���Ü �·�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý �û���Ì�Ð�ö �æ�� �����û�Ð�˜�ã�·�� ���æ�û�æ�ö�·�� ���� �Ð�—�·�ö� �·��	Ä

�æ�ü�Ý �û�·�Æ�ã�æ�ü�Ð	Ä�����·�ü���ö�·���Ð�Ì ���Ð�ü���Ð�ü�Æ�Ð�� 	³�æ	}�Ð	}	v �Æ���û���·���æ�ü�Ý �· �Ý�Ð�ü�Ð���·���Ð�Ì ���Ð�ü���Ð�ü�Æ�Ð �·�Ý�·�æ�ü���� �· ���Ð�Ü�Ð���Ð�ü�Æ�Ð ���Ð�ü���Ð�ü�Æ�Ð	³��	´	´	}

�b�ã�·�� �æ�� �˜�ã�ž �Ð�·���ö�ž ���ü	v �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý ���Ð���Ð�·���Æ�ã�Ð���� � ���Ð�Ì �û�Ð�����æ�Æ�� ��� �Æ�ã �·�� ���æ�ö�æ�ü�Ý� �·�ö ���—�·�ö� �·���æ���ü �e�ü�Ì�Ð������� �Ì�ž

	³���=���e	´ ���Æ�����Ð 	«�ø�÷	¬ �˜�ã�æ�Æ�ã �Ð�����æ�û�·���Ð�� �·�Æ�Æ� ���·�Æ�ž �Å�·���Ð�Ì ���ü �Æ� �û� �ö�·���æ�—�Ð �ü	Ä�Ý���·�û �����Ð�Æ�æ���æ���ü 	³�ü	Ä�Ý���·�û�� �Å�Ð�æ�ü�Ý �Æ���ü	Ä

���æ�ü� ��� �� ���Ð��� �Ð�ü�Æ�Ð�� ���Ü�� �˜�����Ì��	´	} ���=���e	Ä�ö �Å�Ð�æ�ü�Ý �ö	Ä�Ý���·�û �����Ð�Æ�æ���æ���ü �˜�ã�æ�Æ�ã �û�·���Æ�ã�Ð�� ���æ�ü�Ý�ö�Ð �˜�����Ì�� ���Æ�Æ� �����Ð�ü�Æ�Ð��

�Å�Ð���˜�Ð�Ð�ü ���ã�Ð �ã�ž�������ã�Ð���æ�� ���Ð�ü���Ð�ü�Æ�Ð �·�ü�Ì ���Ð�Ü�Ð���Ð�ü�Æ�Ð ���Ð�ü���Ð�ü�Æ�Ð��	v �·�ü�Ì ���=���e	Ä�÷ �Å�Ð�æ�ü�Ý ���ã�Ð �Æ� �û� �ö�·���æ�—�Ð �����Ð�Æ�æ���æ���ü ���Ü

�ö	Ä�Ý���·�û�� �·�ü�Ì �÷	Ä�Ý���·�û��	}�$�æ�Ý� ���Ð �÷	}�ö�ù���ã���˜�� ���ã�Ð ���=���e �ö	Ä�ù ���Æ�����Ð�� �Ü���� ���Ð�ü���Ð�ü�Æ�Ð�� �æ�ü ���ü�Ý�ö�æ���ã �·�ü�Ì �����·�Å�æ�Æ

���ü�����ã�Ð�� �û�·�Æ�ã�æ�ü�Ð	Ä�����·�ü���ö�·���æ���ü �û�Ð�����æ�Æ ���ã�·�� �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý ���Ð���Ð�·���Æ�ã�Ð���� � ���Ð �æ�� ���ã�Ð �B�Ð�����æ�Æ �Ü���� ���—�·�ö� �·	Ä

���æ���ü ���Ü �b���·�ü���ö�·���æ���ü �˜�æ���ã ���•���ö�æ�Æ�æ�� �H���Ì�Ð���æ�ü�Ý 	³�B���b���H�X	´ 	«�ü	¬ �˜�ã�æ�Æ�ã ���·�ô�Ð�� �Ð�•���ö�æ�Æ�æ�� �����Ì�Ð���æ�ü�Ý �æ�ü���� �·�Æ�Æ��� �ü��

�æ�ü �·�Ì�Ì�æ���æ���ü ���� �ü	Ä�Ý���·�û ���æ�û�æ�ö�·���æ���ž	} �b�ã�Ð���Ð �û�Ð�����æ�Æ�� �·���Ð �ö�·�ü�Ý� �·�Ý�Ð	Ä�·�Ý�ü�������æ�Æ �·�ü�Ì �·���Ð � ���Ð�Ì �Å�ž �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý

���Ð���Ð�·���Æ�ã�Ð���� �˜�����ô�æ�ü�Ý ���ü �û������ �ö�·�ü�Ý� �·�Ý�Ð��

�C�Ð�˜�Ð�� �û�Ð�����æ�Æ�� �����Ð�Æ�æ�·�ö�æ�£�Ð�Ì �æ�ü �æ�û�·�Ý�Ð �Æ�·�����æ���ü�æ�ü�Ý ��� �Æ�ã �·�� �����ü���Ð�ü��� ��	Ä�Å�·���Ð�Ì �/�û�·�Ý�Ð ���Ð���Æ���æ�����æ���ü ���—�·�ö� �·	Ä

���æ���ü 	³���/������	´ 	«�ù�ø	¬ �·�ü�Ì �[�Ð�û�·�ü���æ�Æ �U�����������æ���æ���ü�·�ö �/�û�·�Ý�Ð ���·�����æ���ü ���—�·�ö� �·���æ���ü 	³�[�U�/����	´ 	«�÷	¬ �������—�æ�Ì�Ð �· �û�����Ð
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