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The concept of cashier-free started to become popular since 2016. Its goal is to enable customers to avoid checking out at cashiers to save both the consumer's time and the shop owner's cost on staff. Recently there are many commercialized samples deployed worldwide. However, their technology is patented and the key performance is not yet public. Therefore, it is important to analyze their underlying technology from a research perspective to help people understand this area and related work. This survey summarizes existing research work on cashier-free shopping systems and other papers on supporting techniques.

INTRODUCTION

The main idea of cashier-free shopping is to remove the checking out action at cashiers from the user's shopping process. Specifically, the user doesn't have to take items out onto the cashier for scanning, instead, the user can just leave the shop with shopped items and the bill will be automatically charged. There are two major benefits from such a design: (1) for shoppers, they can avoid spending time in the line for checking out, which could save a lot of time in busy hours; [START_REF]Amazon's Store of the Future is Delayed[END_REF] for shop owners, the human cost for cashier staff can be waived, and the overall revenue can also increase due to the increased shopping efficiency. Starting 2020, contactless services are becoming more popular to prevent the spread of COVID-19, which is also an advantage of cashier-free shopping.

In the rest of the article we will cover the overview of today's cashier-free shopping applications, underlying techniques, and challenges. In Sec 2, we will briefly summarize key components of a deployable cashier-free shopping system. In Sec 3, we will introduce existing solutions from both industry and academia. In Sec 4 and 5, we will summarize existing approaches for shopping context sensing and behavior recognition. In Sec 6,
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Figure 1: Key components for a cashier-free shopping system.

we will wrap these finds up, with summarizing current challenges for cashier-free shopping.

SYSTEM OVERVIEW

As Fig. 1 shows, a typical cashier-free system includes these key components: (1) shopper registration; (2) inventory management; (3) shopper/product context sensing; (4) shopping behavior recognition; and (5) automatic billing; Specifically, the component (3) and ( 4) are unique in cashier-free scenario and are key challenges in technology. The context sensing is used to recognize the identity and position of both shopper and products. The shopping behavior recognition keeps tracking each shopper's interaction with the product, like grabbing an item, putting it into the bag, or putting the item back to the shelf. The other three components also exist in today's retail systems, which also need upgrade to adapt the cashier-free settings.

RELATED WORK

There are already some efforts from the retail industry towards cashier-free shopping. The most widely-deployed approach is the self-checkout booth [START_REF]Target Self Checkout[END_REF] -most of today's big retailers like Target and CVS have set up such booths together with their human-powered cashiers. The user will need to scan the barcode of each item and make payment at the booth. To prevent theft, the retailer has to assign extra staff to watch the booths. This approach still involves employees and cannot guarantee a close watch to each checkout process. Amazon Go [1] is one of the first stores that is deployed with real cashier-free shopping. Specifically, they use deep learning and computer vision to recognize each shopper's identity, the product type, and the interaction between the customer and the product (e.g. grab the product, put back the product, etc.). Similar approaches can also be found in other companies' solutions like Trigo [START_REF]Trigo Solution[END_REF] and Standard Cognition [START_REF]Standard Cognition[END_REF]. Besides computer vision, there is another solution to detect the check-out behavior, which attaches an RFID tag to each product, and scans it when the user goes out. Taobao demo store [START_REF]Taobao Cashier-Free Demo Store[END_REF] and Bingo Box [START_REF] Bingobox | [END_REF] use this approach in their solutions.

In academia, there are also some early explorations for the solution of cashier-free shopping. Grab [START_REF] Liu | Grab: Fast and accurate sensor processing for cashier-free shopping[END_REF] proposes a solution that synthesizes computer vision, RFID, and weight sensors to achieve a high accuracy of shopping behavior recognition. Alice [START_REF] Volpato Filho | Nfc-enabled decentralized checkout system[END_REF] introduced an NFC-based solution that pairs between the user's phone with the NFC chip on the product. According to our survey, Grab is the only one that provides endto-end implementation for such a system, including the user identification, item classification, inventory management, and shopping behavior detection.

SHOPPING CONTEXT SENSING

Person identification. Many existing cashier-free solutions use Bluetooth or NFC to identify the user. For example, Amazon Go and Taobao require the user to scan the phone at the entrance. Another widely-used approach is to use geo-location to check if the user is in the shop. For example Twitter [START_REF]Twitter Mobile Ads[END_REF] uses GPS signal for shop check-ins. However, GPS accuracy is greatly affected by blocking. Even with some solutions that can help mitigate localization errors [START_REF] Liu | Gnome: A practical approach to nlos mitigation for gps positioning in smartphones[END_REF], it is still hard to correctly identify a shopper just using the location info. Another mainstream solution is to use face features and body features captured by cameras. Identification using body features [START_REF] Bai | Scalable person re-identification on supervised smoothed manifold[END_REF][START_REF] Chen | Beyond triplet loss: a deep quadruplet network for person re-identification[END_REF] can achieve the precision of up to 80%, which is not accurate enough in the cashier-free shopping scenario. Another direction is to use facial recognition [START_REF]Face Recognition Using Amazon Rekognition[END_REF][START_REF]Sighthound Face Recognition Performance[END_REF][START_REF]Yitu Wins the 1st Place in Identification Accuracy[END_REF], which can reach >98% precision. However, those solutions are not publicly available. Academic research could also achieve an accuracy of more than 95% on public datasets [START_REF] Chen | Face Recognition with Contrastive Convolution[END_REF][START_REF] Masi | Pose-aware Face Recognition in the wild[END_REF][START_REF] Zhao | Towards Pose Invariant Face Recognition in the Wild[END_REF], although many of them are still questionable in terms of the identification speed in large scale.

People tracking. The goal of people tracking is to understand each shopper's location at each time while staying in the shop, this helps further detect the interaction between shopper and products. A popular approach is to detect and track people's bounding boxes from camera [START_REF] Ristani | Features for Multi-target Multi-camera Tracking and Re-identification[END_REF][START_REF] Wojke | Simple Online and Realtime Tracking with a Deep Association metric[END_REF], then map the boxes' camera coordinate to the physical world location [START_REF] Ghosh | On localizing a camera from a single image[END_REF][START_REF] Wildenauer | Robust camera self-calibration from monocular images of manhattan worlds[END_REF]. Pose trackers [START_REF] Insafutdinov | Articulated Multi-person Tracking in the wild[END_REF][START_REF] Iqbal | Posetrack: Joint Multi-person Pose Estimation and tracking[END_REF] further extend the ability of tracking by involving pose detection and tracking, which can be used for both identity tracking and gesture recognition. Another thread of tracking is to use physical signals like Bluetooth or RFID [START_REF] Liu | Tar: Enabling Fine-grained Targeted Advertising in Retail Stores[END_REF][START_REF] Shangguan | Enabling Gesture-based Interactions with objects[END_REF] to directly infer the actual location of the object (e.g. shopper's phone in this case). This method avoid the cost of installing cameras and pricing computers, but will also be affected by line-ofsight blockage on tracking accuracy.

Item detection and tracking. Prior work has explored item identification using special camera devices like Google Glass [START_REF] Ha | Towards Wearable Cognitive assistance[END_REF] which are not widely deployed today. RFID tag localization is widely used in many industries for item tracking [START_REF] Jiang | Orientation-aware Rfid Tracking with Centimeter-level Accuracy[END_REF][START_REF] Shangguan | Relative Localization of Rfid Tags using Spatial-temporal Phase profiling[END_REF], which has a good balance between tag price and tracking accuracy. But as the previous paragraph stated, such solutions are prone to fast movements, occlusion, and other adversarial actions. Vision-based object detectors [START_REF] Chen | Domain Adaptive Faster R-cnn for Object Detection in the Wild[END_REF][START_REF] Redmon | Yolov3: An Incremental Improvement[END_REF] can also be used to recognize and track items. It has higher accuracy than signal-based solutions, but will also be affected by occlusions and poor lighting issues. Since vision-based solution needs many training instances to recognize a new type of product, researchers have proposed singleshop learning method [START_REF] Held | Robust Single-view Instance recognition[END_REF][START_REF] Karlinsky | Fine-grained Recognition of Thousands of Object Categories with Single-example training[END_REF] to address this challenge by trading off accuracy. There are also some hybrid solutions [START_REF] Liu | Grab: Fast and accurate sensor processing for cashier-free shopping[END_REF][START_REF] Tian | Contextual-code: Simplifying information pulling from targeted sources in physical world[END_REF] that leverage more than one source of information to identify the item for higher accuracy.

SHOPPING ACTIVITY RECOGNITION

Vision-Only. Such systems use cameras as the only input source to identify the interaction between the shopper and the item. Besides leveraging the people/item sensing in previous section, the vision system should also detect the shopping behavior (pick up, put back). Solutions like [START_REF] Amer | Hirf: Hierarchical random field for collective activity recognition in videos[END_REF][START_REF] Ulutan | Actor conditioned attention maps for video action detection[END_REF] train deep learning models to recognize such actions. However, training dedicated shopping action detection may not be general enough for various shopper behaviors. So many works are proposed to recognize such a complex activity by detecting each of its components [START_REF] Liu | Caesar: cross-camera complex activity recognition[END_REF][START_REF] Tani | Events detection using a video-surveillance ontology and a rule-based approach[END_REF], which gives the system user more flexibility to configure according to the actual deployment. All these solutions are vulnerable to visually similar object and occlusion. Hybrid Solution. Amazon Go [1] uses both cameras and shelf-mounted weight scales to infer the shopping activity. Specifically, when the user picks up the item, the system will use both user's visual pose movement and the weight sensor reading change to identify what item picked up by the user. This works even when the action is partially occluded from a camera thanks to extra sensors. But a challenge for such a system is the occlusion plus different items with similar weight. Another challenge is that this requires delicate re-design of existing shelves to mount weight sensors, which will increase the overall cost and decrease the reliability. It is also reported that Amazon Go could face issues when many shoppers randomly put back items to shelves [START_REF]Amazon's Store of the Future is Delayed[END_REF].

An alternative hybrid solution is to use vision and RFID, used by Taobao Store [START_REF]Taobao Cashier-Free Demo Store[END_REF] and Bingo Box [START_REF] Bingobox | [END_REF]. This solution does not try to infer the actual item picking up behavior, instead, it associates the user identity and all the user-carried items when the user is leaving. Specifically, such stores attach an RFID tag to each item, and scan them at the door. This solution also has its own weak point: RFID tags add cost to the item, especially for low-cost items [START_REF]RFID tags[END_REF]. The RFID readers could also have issue detecting products when they are in abnormal positions like being stacked, blocked, or attached to conductors [START_REF] Lu | Performance Analysis of Stacked Rfid tags[END_REF][START_REF] Nekoogar | Ultra-wideband Radio Frequency Identification Systems[END_REF]. The solution of Grab [START_REF] Liu | Grab: Fast and accurate sensor processing for cashier-free shopping[END_REF] combines all three three data sources (vision, weight, RFID) to achieve best accuracy and robustness. But it also face challenges of additional cost.

CONCLUSION

Cashier-free shopping systems can greatly help improve shopping experience and the retailing efficiency. Some technology companies have demoed the feasibility with small-scale deployment. There are also some academic works exploring this domain. This new direction still faces many challenges. The first challenge is the market fit -how many users will prefer this new format so this change can increase significant sales. The second challenge is accuracy -how to design a robust system to capture theft activities in time. The third challenge is scalability -how to tradeoff between the cost of upgrade and the added system performance. These challenges should be further explored and addressed by following works.